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Abstract. During the last two decades Gamma-Ray Astronomy has emerged as a powerful
tool to study cosmic ray physics. In fact, photons are not deviated by galactic or extragalactic
magnetic fields so their directions bring the information of the production sites and are easier to
detect than neutrinos. Thus the search for γ primarily address in the framework of the search
of cosmic ray sources and to the investigation of the phenomena in the acceleration sites. This
note is not a place for a review of ground-based gamma-ray astronomy. We will introduce the
experimental techniques used to detect photons from ground in the overwhelming background
of CRs and briefly describe the experiments currently in data taking or under installation.
1. Introduction
Understanding cosmic ray origin and transport through the interstellar medium is a fundamental
problem which has a major impact on models of the structure and nature of the universe. During
the last years Gamma-Ray Astronomy and Neutrino-Astronomy have emerged as powerful tools
to study cosmic ray features. In fact these neutral particles are not deviated by galactic or
extragalactic magnetic fields so their directions bring the information of the production sites.
Thus the search for γ or ν primarily address in the framework of the search of cosmic ray sources
and to the investigation of the phenomena in the acceleration sites. Due to the extremely small
cross sections for weak interactions (λ ∼ 1012E g/cm2), neutrinos are able to leave compact
sources, providing the observer with information from inside or the surroundings of supernovae,
active galaxies or other cosmic systems. The challenge is to find neutrino induced muons among
those produced by the primary cosmic rays in the atmosphere.
Even if the horizon of a high energy photon is not extended, due to γ − γ interaction, as
the neutrino one (see Fig. reffig:cocconi), TeV γ−rays from many sources have been definitively
observed providing evidence of the existence of energetic accelerating mechanisms. Figure 2
shows the survival probability for gamma rays arriving to the Sun from a source in the Galactic
center as a function of the gamma ray energy. In the figure the probability is shown together with
the contributions from the different components of the radiation field. Most of the absorption is
due to the cosmic microwave background radiation (CMBR) and to the thermal emission from
the dust (with wavelength λ & 50 µm). The other components of the interstellar radiation field
give smaller contributions that are visible in the inset of the figure. The survival probability
has a deeper minimum Psurv ≈0.30 for Eγ ∼2.2 PeV that is due to the CMBR, and a second
minimum at Eγ ∼ 50 TeV [1].
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Figure 1. The horizon measured in red-shift
as a function of the energy at the earth of
different kind of cosmic radiations.
source in the Galactic center as a function of the gamma ray
energy. In the figure the probability is shown together with
the contributions from the different components of the
radiation field. Most of the absorption is due to the CMBR
and to the thermal emission from the dust (with wavelength
λ≳ 50μm). The other components of the ISRF give
smaller contributions that are visible in the inset of the
figure. The survival probability has a deeper minimum
Psurv ≃0.30for Eγ ≃ 2.2 PeV that is due to the CMBR,
and a second minimum at Eγ ≃ 150TeV. This structure
can be understood from the fact that the dominant sources
of gamma ray absorption are the CMBR and the infrared
emission that have spectra in different regions of ε. The
other components of the radiation give small corrections to
the absorption, indicating that the approximate treatments
of the starlight and line emissions from dust do not
introduce significant errors. The contribution of the EBL
is a correction of order ΔP≃0.5% for a gamma ray energy
Eγ ≃ 150TeV, where its effects are most important.
Recently deep gamma ray observations by the
Cherenkov telescope H.E.S.S. [39] in an annulus around
the Galactic center region have shown a spectrum that
extends as a power law up to energies of tens of TeV
without indications of a break of cutoff, strongly suggesting
the existence of a proton “PeVatron” in the central 10 pc of
our Galaxy, probably associated to the supermassive black
hole Sagittarius (Sgr) A*. The study of this source with
very high energy (Eγ ≳ 30TeV) gamma rays is clearly a
crucial test, and a precise description of the absorption
effects is necessary. The study of the GC with neutrinos is
also of great interest (see for example [40]).
Gamma rays coming from different directions and
distances have similar absorption patterns, with the maxi-
mum attenuation due to CMBR at Eγ ≃ 2.2 PeV, and a
secondary absorption peak at Eγ ≃ 150TeV due to the
infrared light, that produces a “shoulder” in the total
absorption spectrum. The amount of the two effects and
their relative contributions depend on the gamma ray path.
Figure 13 shows the survival probability for three
different source positions: the Galactic center, the points
P1 (x ¼ 0, y ¼ 20kpc, z ¼ 0) and P2 (x ¼ 20kpc, y ¼ 0,
z ¼ 0) (for the coordinate definition, see the inset of the
figure). The infrared absorption is maximum when the
gamma rays arrive from P1, crossing the Galactic center.
Gamma rays arriving from P2 do not pass close to the GC
and the absorption effects due to infrared radiation are
smaller.
Figure 14 shows the gamma ray survival probability for
different directions in the Galactic equatorial plane, as a
function of the source distance, for gamma ray energies
Eγ ¼ 150TeV and 2 PeV. The absorption of gamma ray
with Eγ ¼ 2 PeV is mostly due to the homogeneous
CMBR, and is therefore to a good approximation inde-
pendent from the photon trajectory and described by a
simple exponential. Gamma rays of 150 TeV are mostly
absorbed by the infrared light, and for a fixed source
distance, the absorption probability has a strong depend-
ence on the gamma ray path in the Galaxy, with the
attenuation largest for trajectories that cross the Galactic
center.
The dependence of the absorption effect on the direction
of the gamma ray path is also strong for lines of sight that
go out of the Galactic plane (b ≠ 0), as the density of
Gamma ray energy (eV)
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FIG. 12. Survival probability of gamma rays for a trajectory
from the GC to the Sun, plotted as a function of the gamma ray
energy. The contributions of different radiation fields are shown.
The inset shows the contributions of starlight, infrared radiation
with wavelength λ < 50μm and EBL.
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FIG. 13. Survival probability of gamma rays for three different
trajectories in the Galactic plane, plotted as a function of the
gamma ray energy. The inset shows the position of the sources.
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Figure 2. Survival probability of gamma
rays for a traj cto y from the Galactic Center
to the Sun, plotted as a function of the
gamma ray energy. The contributions of
different radiation fields are shown. The inset
s ows he contribu ions of s arlight, infrared
radiation with wavelength λ < 50µm and
EBL. Plot taken from [1]
The detection of high energy γ−rays is the final step to use the whole electromagnetic
spectrum for investigating the most energetic processes and phenomena in the Universe.
Gamma-rays come from a variety of astronomical sources which accelerate charged cosmic
rays (SuperNovae (SN), neutron stars, quasars, Active Galactic Nuclei (AGN)). Theref re, t e
detection of very high-energy (VHE) and ultrahigh-energy (UHE) γ−ray signals from celestial
point sources give us a clue for understanding the acceleration of particles to ultrahigh-energies.
Therefore, an important motivation for high energy γ−ray astronomy is the study of the
phenomenology of these sources. Since non-thermal spe t a are a common feature of the obs rved
γ sources, detection of TeV sources can provide constraints on the models of acceleration and
radiation processes at extreme conditions. The discovery of new types of sources is an intriguing
perspective, in particular the discovery of sources of CRs where hadronic mechanisms are at
work.
The riddle of the origin of CRs is unsolved since more than one century. The identification
of the galactic sources able to accelerate particles beyond PeV (=1015 eV) energies, the so-
called ’PeVatrons’, is certainly one of the main open problems of high energy astrophysics. In
fact, even there is no doubt that galactic CR are accelerat d in SuperNova Re nants (SNRs),
the capability of SNRs to accelerate CRs up to the ’knee’ of the all-particle energy spectrum
(∼3×1015 eV) and above is still under debate.
Recently AGILE and Fermi observed GeV photons from two young SNRs (W44 and IC443)
showing the typical spectrum feature around 1 GeV (the so-called ’pi0 bump’, due to the decay
of pi0 → γγ) related to hadronic interactions [2, 3]. This important measurement, however, does
not demonstrate the capability of SNRs to produce the power needed to maintain the galactic
CR population and to accelerate CRs up to the knee, at least. In fact, unlike neutrinos that
are produced only in hadronic interactions, the question whether γ-rays are produced by the
decay of pi0 from protons or nuclei interactions (’hadronic’ mechanism), or by a population of
relativistic electrons via Inverse Compton scattering or bremsstrahlung (’leptonic’ mechanism),
still needs a conclusive answer.328 9 The TeV Sky and Multiwavelength Astrophysics
Fig. 9.10 Multiwavelength observations of the Crab nebula. The synchrotron emission is given
by the superposition of the contributions of electrons with different energies. Mono-energetic
electrons contribute with photons with peaked spectra, according to Eq. (8.7). For instance, 1 TeV
electrons give photons in the visible wavelength. The synchrotron spectrum provides the target
photons for the inverse Compton (IC) process (Funk 2011)
Although GeV–TeV γ -rays constitute only a small fraction of the luminosity
of the nebula, they provide crucial information on the environmental conditions.
The comparison of the X-ray and TeV γ -ray fluxes allows for, respectively,
determination of the energy density of the magnetic field and that of the radiation
energy density in (8.32). As the former exceeds the latter by more than two orders
of magnitude, this has led to the estimate that the average nebular magnetic field
is about 100µG, as expected from magneto-hydrodynamical models (Rieger et
al. 2013). Thus, as evident from the two regions labeled synchrotron and inverse
Compton in Fig. 9.10, the Crab nebula is very inefficient at producing γ -rays
through inverse Compton scattering. Only its extremely high spin-down power
allows the production of the observed flux (9.3).
Particularly interesting is the transition region between the falling edge of the
synchrotron component and the rising edge of the inverse Compton component.
Figure 9.11 shows the results from high-energy experiments in detail. The data
collected by COMPTEL and EGRET carry information about the fading syn-
chrotron part of the spectrum. The Fermi-LAT data reveal a sharp transition from
the synchrotron to the IC component at around 1GeV (Abdo et al. 2010b). The
measurements with ground-based observatories have almost approached 100TeV.
This is compatible with the fact that the IC component extends up to the maximum
Figure 3. Multiwaveleng h observations of the Crab nebula. The synchrotron emission is given
by the superposition of the contributions of electrons with different energies. The synchrotron
spectrum provides the target photons for the inverse Compton (IC) process [4].
High energy photons can be produced by different leptonic processes: bremsstrahlung,
synchrotron radiation, inverse compton scattering. Consider a population of relativistic electrons
in a magnetized region. They will produce synchrotron radiation, and therefore they will fill
the region with photons. These synchrotron photons will have some pr bability to interact
again with the electrons, by the Inverse Compton process. Since the electron ”work twice”
(first making synchrotron radiation, then scattering it at higher energies) this particular kind
of process is called Synchrotron Self-Compton, or SSC for short. An example of a typical SSC
spectrum is shown in Fig. 3. The one-zone model assumes that non-thermal radiations are
produced in a single, homogeneous and spherical region in the jet. The emission region moves
relativistically toward us, and consequently the intrinsic radiation is strongly amplified due to
the Doppler boosting. Three paramet rs are needed to characterise the emission region: the
comoving magnetic field, the Doppler factor and the comoving radius of the emission region.
With one-zone SSC models we can describe practically all high energy gamma-ray emissions
observed from Galactic and extra-galactic sources.
Discrimination between different models is very challenging. In a hadronic interaction the
secondary photons have an energy a factor of 10 lower than the primary proton. Therefore, the
quest for CR sources able to accelerate particles in the knee energy region requires to survey
the γ-ray sky above 100 TeV. In addition, the Inverse Compton scattering at these energies is
strongly suppressed by the Klein-Nishina effect. Therefore, the observation of a γ-ray power
law spectrum extending up to the 100 TeV range would be a strong indication of the hadronic
nature of the emission.
To open the 100 TeV range to observations a detector with a very large effective area, wide
field of view (FoV), operating with high duty-cycle, is required. The most sensitive experimental
technique for the observation of γ-rays at these energies and above is the detection of EAS via
large ground-based arrays. The muon content of photon-induced showers is very low, therefore
these events can be discriminated from the large background of CRs via a simultaneous detection
of muons that originate in the muon-rich CR showers. In addition, the large FoV and high duty
cycle of EAS arrays make this observational technique particularly suited to perform unbiased
all-sky surveys, and not simply observations of limited regions of the Galactic plane.
Gamma-ray astronomy could also give new hints to cosmology (through the measurement
of the infrared background or studying primordial black holes) and particle physics beyond the
Standard Model (evidence of supersymmetric particles or Dark Matter).
These grounds led to a large diffusion of the gamma-ray astronomy in the last decades. The
number of present and planned experiments demonstrates the continuous growing interest of
the scientific community in this field. Satellite and Cerenkov detectors revealed a lot of γ-ray
sources. However, to perform an ”all sky” monitoring looking at transient events, it is necessary
a γ-rays detector with a wide FoV and high duty cycle.
The differential sensitivity (multiplied by E2) to a Crab-like point gamma ray source of
different experiments and projects is shown in Fig. 4. The sensitivity of a detector is normally
defined by the flux level Fmin (either photons cm
−2 s−1 or percentage of Crab flux) for which a
”5 σ detection” would be made (i.e. significance S = 5), and having at least 10 events, in 50 h
of on-source observation (not counting any necessary additional off-source time) - or in the case
of an unsteered detector such an Fermi-LAT or HAWC, in 1 year or 5 years of operation.
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Figure 4. Differential sensitivity (multiplied by E2) to a Crab-like point gamma ray source of
different experiments and projects. The best fit of the Crab Nebula data obtained by different
detectors [5] is reported as a reference, extrapolated to 1 PeV.
This is not a place for a review of ground-based gamma-ray astronomy (for which we
recommend, for instance [4, 6, 7, 8, 9, 10, 11, 12]). We will introduce the experimental techniques
used to detect photons from ground in the overwhelming background of CRs and briefly describe
the experiments currently in data taking or under installation.
The paper is organized as follows: The Section 2 we will devoted to a brief history of gamma-
ray astronomy. The detection techniques will be summarized in Section 3 and the calculation
of the sensitivity to a γ-ray source described in Section 4. In Sections 5 and 6 the Cherenkov
and air shower techniques will be introduced and discussed. New projects for an array in the
Southern hemisphere will be briefly summarized in Section 7.
2. Brief history of Gamma-Ray Astronomy
At the beginning of the XVIIth century Galileo Galilei first used a telescope to observe the
sky in a narrow spectrum of visible frequencies. Some centuries later, in the 1931-32, Jansky
discovered radio cosmic emission. That was the beginning of the astronomy extended over all
the electromagnetic spectrum.
In the summer of 1962, an X-ray detector on the Aerobee rocket was flown. The goal of this
flight was originally to detect X-ray fluorescence of the Moon due to the Sun’s wind. It failed to
detect such emission, however, the detector serendipitously discovered extra solar X-rays from a
source named Scorpius X-1 (the first X-ray source seen in the constellation Scorpio). In addition,
it detected a diffuse X-ray background (some of this has been resolved into sources and the rest
is believed to be from unresolved active galaxies).
In the 1961 the satellite Explorer XI first revealed γ-rays but the first significative results
were obtained in the 1972-73 when the satellite SAS-2 took data for 7 months collecting about
8000 photons in the energy range 30 MeV ÷ 5 GeV. In the period between the 1975 and the
1982 the satellite COS-B identified 25 galactic sources of photons at GeV energies.
In the late 60s Cocconi suggested the idea of exploring the TeV energy range using ground
based detectors to observe γ-induced air showers [13]. Indirect measurements at VHE and UHE
were made from the 70s by means of Cerenkov telescopes. In the 1972, the Cerenkov telescope
of the Crimean Astrophysical Observatory first revealed an excess of showers at TeV energies
coming from the direction of the binary source Cygnus X-3. That signed the beginning of the
VHE γ-ray astronomy [14, 12].
In the early 80s the detection of UHE photons (∼1015 eV) from Cygnus X-3 has been
claimed by Kiel and Haverah Park air shower arrays. However, a lot of dedicated ground based
experiments (EAS-TOP, HEGRA, CASA-MIA) didn’t detect any signal, and they provided only
upper limits at a level of 1/100 of the previous detections. That seemed to mark the end of the
high energy γ-ray astronomy [14].
The Compton Gamma Ray Observatory (CGRO) marked a turning point for γ-ray astronomy.
A listing of the observations, along with other information about CGRO, can be found at the
CGRO Science Support Center Web site http://cossc.gsfc.nasa.gov/ docs/cgro/index.html. The
CGRO carried four instruments for γ-ray astronomy, each with its own energy range, detection
technique, and scientific goals, covering energies from less than 15 keV to more than 30 GeV,
over six orders of magnitude in the electromagnetic spectrum. The four instruments were:
• The Burst and Transient Source Experiment (BATSE). BATSE was the smallest of the
CGRO instruments, consisting of eight modules located one on each corner of the spacecraft.
Each unit included a large flat NaI(Tl) scintillator and a smaller thicker scintillator for
spectral measurements, combined to cover an energy range from 15 keV to over 1 MeV.
• Oriented Scintillation Spectrometer Experiment (OSSE). This used four large, collimated
scintillator detectors to study γ-rays within the range from 60 keV to 10 MeV. OSSE
mapped the 0.5 MeV line from positron annihilation and provided detailed measurements
of many hard X-ray/soft γ-ray sources.
• The Compton Telescope (COMPTEL), for the detection of medium energy γ-rays between
0.8 and 30 MeV, used a Compton scattering technique. Among its results, COMPTEL
mapped the distribution of radioactive Aluminum-26 in the Galaxy, showing the locations
of newly formed material.
• The Energetic Gamma Ray Experiment Telescope (EGRET) was the high-energy
instrument on CGRO, covering the energy range from 20 MeV to 30 GeV.
In the energy range above 10 MeV, the principal interaction process for γ-rays is pair production.
Gamma rays cannot be reflected or refracted, and a high-energy γ-ray telescope detects e± with
a precision converter-tracker section followed by a calorimeter. The operational concept of
EGRET, similar in most respects to the designs of other high-energy γ-ray telescopes, is shown
in Fig. 2. The two key challenges for any such telescope are: (1) the identification of γ-ray
interaction among the huge background of charged CRs; (2) the measurement of γ-ray energy,
arrival time and arrival direction.290 8 The Sky Seen in γ -Rays
Fig. 8.3 Schematic diagram of a telescope which use the conversion of a γ -ray into a e± pair
(pair-conversion telescope), reproducing the features of the EGRET experiment. The Fermi-LAT
is similar, with an improved tracker device which avoids the use of a Time of Flight trigger system.
Courtesy of the EGRET Collaboration
3. A Tracker device, consisting of 36 wire grid spark chambers and interleaved
with converter plates, was used to record the paths of the electron and positron,
to reconstruct the conversion point and the arrival direction of the γ -ray. The
spark chambers were gas detectors and their performance slightly deteriorated
with time due to gas aging.
4. The electron and positron passed through two scintillator detectors. These fast-
devices triggered the readout of the spark chambers and provided the time-of-
flight (TOF) measurement (used to confirm the direction of the particles).
5. The electron and positron entered the Calorimeter, producing an electromagnetic
shower. Using standard methods derived from particle physics, the energies
of the particles were measured and, therefore, the energy of the parent γ -ray
determined. The calorimeter was made of 36 NaI crystals read out by 16 PMTs.
The angular resolution in the measurement of a single photon depends on the
point spread function (PSF). The PSF is the quantity that characterizes the direction
resolution of a detector. It is also used to obtain the angle containing 68% of the γ -
rays emitted by an ideal point-like source. Usually, the PSF depends on the energy.
The EGRET angular resolution was ≃ 6◦ at an energy of 100MeV, and sources
were localized with resolution of about 15 arcmin. The telescope has a field-of-view
of about ∼ 0.5 sr. During its 9-years live time, EGRET detected over 1.5 × 106 γ -
rays, allowing it to build up the first picture of the entire high-energy γ -ray sky.
Figure 8.4 shows the summed photon map above 100MeV, in galactic coordinates.
The Milky Way runs horizontally across the figure, with the galactic center in the
middle. One of the key features of this image, which provides a striking contrast
to the sky at visible wavelengths, is the presence of a huge background of diffuse
photons, particularly in the galactic plane. Over the diffuse background, some
persistent sources are evident. In the galactic plane, the brightest sources were
Figure 5. Schematic diagram of a teles ope which uses the conversion of a γ-ray into a e± pair
(pair-conversion telescope), reproducing the features of the EGRET experiment. The Fermi-
LAT is similar, with an improved tracker device [4].
In EGRET, these objectives were obtained as follows [4]:
(i) The charged particles were vetoed through the Anti-coincidence System (AS).The presence
of a signal in the AS vetoed the tracking system electronics. A γ-ray candidate entered
the detector without producing a signal in the anti-coincidence. The AS rejected nearly all
unwanted signals produced by charged CRs. The AS consisted of a single dome of plastic
scintillator, read out by 24 PMTs mounted around the bottom.
(ii) The γ-rays interacted i one of 28 thin sheets of high-Z material (tantalum), converting via
pair production into an electron/positron pair.
(iii) A Tracker device, consisting of 36 wire grid spark chambers and interleaved with converter
plates, was used to record the paths of the electron and positron, to reconstruct the
conversion point and the arrival direction of the γ-ray. The spark chambers were gas
detectors and their performance slightly deteriorated with time due to gas aging.
(iv) The electron and positron passed through two sci tillator det ctors. These fast-devices
triggered the readout of the spark chambers and provided the time-of- flight (TOF)
measurement (used to confirm the direction of the particles).
(v) The electron and positron entered the Calorimeter, producing an electromagnetic shower.
Using standard methods derived from particle physics, the energi s of the particles were
measured and, therefore, the energy of the parent γ-ray determined. The calorimeter was
made of 36 NaI crystals read out by 16 PMTs.
The EGRET angular resolution was ∼ 6◦ at an energy of 100 MeV, and sources were localized
with resolution of about 15 arcmin. The telescope has a field-of-view of about 0.5 sr. During its
9-years live time, EGRET detected over 1.5×106 γ-rays, allowing it to build up the first picture
of the entire high-energy γ-ray sky.
The CGRO, launched into orbit in 1991 and operated successfully until it was de-orbited
on June 4, 2000, thanks to the detector EGRET detected 271 sources with γ-rays at energies
between 100 MeV and 10 GeV. Figure 6 shows a galactic map of the γ-ray point sources detected
by EGRET as published in their third catalogue [15] based on ∼4 years of observation (April
1991 - October 1995).
Figure 6. Catalogue in galactic coordinates of the γ-ray point sources detected by EGRET
above 100 MeV [15].
The identified sources consist of 8 pulsars, 1 solar flare, 66 high-confidence blazars
identifications, 27 possible blazars, 1 radio galaxy (Cen A) and the Large Magellanic Cloud
(LMC). The remaining 170 sources, mostly located along the galactic plane, are not identified
with known objects, since they have no observed counterparts at other wavelengths.
After EGRET, the situation regarding GeV γ-ray astronomy had a breakthrough in 2008
with the launch of the Fermi satellite [16]. In fact, immediately after its launch, on June 11
2008, an overwhelming amount of data has significantly improved our knowledge of high energy
astrophysics. The Large Area Telescope (LAT) is a telescope for γ-rays within the energy range
from 20 MeV to more than 300 GeV, detected over the large background of energetic charged
particles at the 565 km altitude orbit of the Fermi satellite. For each γ-ray, the LAT measures
its arrival time, direction, and energy.
Fundamental in Fermi is the rejection capability to discriminate between electromagnetic
and hadronic showers, based on the different event topology in the three subsystems (the
tracker, the calorimeter and the anti-coincidence, as shown in Fig. 7). The LAT is a pair-
conversion telescope with a precision converter-tracker section followed by a calorimeter. These
8.8 Fermi-LAT and Other Experiments for γ -Ray Astronomy 293
Fig. 8.5 Schematic diagram
of the LAT. The telescope’s
dimensions are
1.8×1.8×0.72m. The power
required and the mass are
650W and 2789 kg,
respectively. The upper part is
the tracker, the lower part the
calorimeter and the
surrounding region (in
yellow) the veto. Courtesy of
the Fermi-LAT Collaboration
largely due to the use of silicon detectors, which allow for precise tracking with
essentially no detector-induced dead-time.
Beneath the tracker is a calorimeter comprising an 8-layer array of CsI crystals
(1.08 X0 per layer) to determine the e+, e− energy. The calorimeter allows for
imaging of the shower development, and thereby corrections of the energy estimate
for the shower leakage fluctuations out of the calorimeter. The total thickness of the
tracker and calorimeter is approximately 10 radiation lengths at normal incidence.
The tracker is surrounded by segmented charged-particle anticoincidence detec-
tors (ACD) made of plastic scintillators with photomultiplier tubes, to reject CR
background events. A programmable trigger and data acquisition system uses
prompt signals available from the tracker, calorimeter, and ACD to form a trigger
that initiates readout of these three subsystems. The onboard trigger is optimized
for rejecting events triggered by CR background particles while maximizing the
number of events triggered by γ -rays, which are transmitted to the ground for further
processing. Additional information about Fermi-LAT can be found on http://fermi.
gsfc.nasa.gov/.
8.8.2 The Fermi-GBM
The Fermi satellite also carries the Gamma-ray Burst Monitor (GBM), which
complements the LAT for observations of high-energy transients. The GBM is
sensitive to X-rays and γ -rays with energies between 8 keV and 30MeV. The GBM
Figure 7. Schematic diagram of the LAT. The telescope’s dimensions are 1.8×1.8×0.72 m.
The power required and the mass are 650 W and 2789 kg, respectively. The upper part is the
tracker, the lower part the calorimeter and the surrounding region (in yellow) the veto [4].
two subsystems each consist of a 4×4 array of 16 modules (see Fig. 7). The large field-of-
view results from the low aspect ratio (height/width) of the LAT made possible by the choice
of particle tracking technology (i. ., silicon-strip detectors) that allowed for elimination of the
time-of-flight triggering system used in EGRET. The effective collecting area is ∼6500 cm2 at 1
GeV with a wide field-of-view (∼2 sr).
The Fermi collaboration is producing a large number of important scientific results that
cann t be summar zed in this note. The third catalog of high-energy γ-ray sources (3FGL)
detected by LAT [17] includes 3033 sources above 4 σ significance within the 100 MeV - 300
GeV range (see Fig. 8). Among them, 238 sources are considered as having been identified based
on angular extent or correlated variability (periodic or otherwise) observed at other wavelengths.
For 1010 sources, no plausible counterparts at other wavelengths have been found. More than
1100 of the identified or associated sources are active galaxies of the blazar class. Pulsars
represent the largest Galactic source class. LAT collects about 150 million γ-rays per year
(compared with the 1.5 million detected by EGRET in 9 years). The minimum flux from a
source that LAT can discriminate from the background corresponds to ∼3×10−12 erg cm−2 s−1
[17].
Fermi reported also important observations of Gamma-Ray Bursts (GRBs), extremely intense
and relatively short bursts of gamma radiation that occur a few times per day in the detectable
302 8 The Sky Seen in γ -Rays
Fig. 8.8 Full sky map (top) and blow-up of the inner galactic region (bottom) showing sources
by source class (refers to Table 8.1). Identified sources are shown with a red symbol, associated
sources in blue. All AGN classes are plotted with the same symbol for simplicity. Courtesy of the
Fermi-LAT Collaboration
In total, 238 out of the 3033 3FGL sources have been firmly identified (see table).
The list of astronomical catalogs used for the identification/association is reported
in Acero et al. (2015). Sources associated with SNRs are often also associated with
PWNe and pulsars, and the SNRs themselves are often not point-like. Figure 8.8
illustrates where the different sources are located in the sky.
Source Spectral Shapes As the LAT measures the number of arriving photons as
a function of their energy, the so-called spectral shape (photon flux as a function of
the energy) can be constructed for each individual source. In most cases, a simple
power law dN/dE = K(E/E0)−αγ can be considered. Frequently, the flux shows a
cut-off at high energy and the spectral shape is represented by exponentially cut-off
Figure 8. Full sky map (top) and blow-up of the inner galactic region (bottom) showing sources
by source class in the 3 FGL Fermi Catalog. Identified sources are shown with a red symbol,
associated sources in blue. All AGN classes are plotted with the same symbol for simplicity [4].
Universe. Their emission exceeds the gamma emission of any other source. Roughly one GRB
per week is detected with the Fermi-GBM between 8 keV - 30 MeV, and roughly one a month
is detected with the Fermi-LAT, 20 MeV - 300 GeV. Several bursts have been detected by the
Fermi-LAT at energies above 1 GeV (11 GRBs from August 2008 to January 2010), considerably
improving our knowledge of igh energy γ-ray emission. For further details and for a history of
the discovery of GRBs we suggest the textbook by Spurio [4].
The Fermi satellite was anticipated by the smaller-scale telescope Astro-rivelatore Gamma
a Immagini Leggero (AGILE). AGILE is a project of the Italian Space Agency (ASI) and
was launched in April 2007. It is devoted to γ-ray observations within the 30 MeV-50 GeV
energy range, with simultaneous hard X-ray imaging in the 18-60 keV band, and optimal timing
capabilities for the study of transient phenomena. The AGILE instrument [18] consists of the
Silicon Tracker, the X-ray detector SuperAGILE, the CsI(Tl) Mini-Calorimeter and an anti-
coincidence system. The combination of these instruments forms the Gamma-Ray Imaging
Detector (GRID). The very large field-of-view (2.5 sr) of the γ-ray imager coupled with the
hard X-ray monitoring capability makes AGILE well suited to study galactic and extragalactic
sources, as well as GRBs and other fast transients. AGILE reaches its optimal performance
near 100 MeV with good imaging and sensitivity. Gamma-ray and hard X-ray sources can be
monitored 14 times a day, and an extensive database has been obtained for a variety of sources.
At the end of 80s a new generation of Cerenkov telescopes enabled to establish that the
Crab Nebula is a stationary and continuous source of photons with an energy from 0.5 TeV
to 10 TeV [12]. Indeed in 1989 the Cerenkov telescope Whipple observed an excess of photons
with energies ≥500 GeV coming from the direction of the Crab Nebula. After Whipple, other
Cerenkov telescopes confirmed the stationary flux from the Crab, which is now considered the
”standard candle” for the northern hemisphere detectors. Only recently, γ-ray flares have been
detected by AGILE and Fermi-LAT and pulsed emission from the Crab pulsar up to beyond
100 GeV observed by MAGIC and VERITAS. The origins of these variations are still under
investigation. 324 9 The TeV Sky and Multiwavelength Astrophysics
Fig. 9.8 Map of the 208 TeV sources (2018) retrieved from the online TeV catalog (http://tevcat.
uchicago.edu/), which displays, with different color codes, the position in galactic coordinates of
the various γ -ray sources detected from the ground. Most of the detections were performed by
IACTs, which typically are sensitive to γ -rays well above 100GeV
Table 9.1 Number of objects catalogued in the TeVCat in Spring 2018
Type Designator Objects Representatives
Pulsar wind nebula SNR/PWN 34 Crab, Geminga, Vela X
SNR with shell SNR/Shell 14 See Table 9.2
SNR with molecular clouds SNR/Mol. Cloud 10 W28, W51
SNR with pulsar SNR/PSR 2 Vela psr, Crab psr
Binary systems Binary 9 LS 5039, LSI +61 303
Massive star clusters, globular cl. – 4 –
HBL Lac type of blazar HBL 48 Mrk 421, Mrk 501
IBL Lac type of blazar IBL 8 Bl Lac, W Comae
LBL Lac type of blazar LBL 2 –
FSRQ type of blazar FSRQ 7 3C 279
FRI type of blazar FRI 4 Centaurus A, M87
Starburst galaxy Starburst 3
Unidentified UNID 54 –
Total 208
It comprises 78 Galactic sources, 75 extragalactic sources and 54 unidentified. From http://tevcat.
uchicago.edu/
Figure 9. Map of the 208 TeV sources (2018) retrieved from the online TeV catalog
(http://tevcat. uchicago.edu/), which displays, with different color codes, the position in galactic
coordinates of the various γ-ray sources detected from the ground. Most of the detections were
performed by IACTs, which typically are sensitive to γ-rays well above 100 GeV.
Observations of the Crab are used for cross-calibration of ground-based detectors, to
demonstrate the stability of a detector and to improve the data analysis methods. The Crab
photon flux is considered a unit of measurement to evaluate the sensitivity of the apparatus.
In the Figure 3 the Crab flux measured by different experiments at different energies is shown.
The integral flux above 1 TeV corresponds to
ΦCrabγ (> 1TeV ) = (2.1± 0.1)× 10−11 photons cm−2 s−1 (1)
In 1999, the experiment Tibet AS-γ provided the first observation of TeV photons with an air
shower array. In the following years Milagro and ARGO-YBJ demonstrated that shower arrays
are able to detect gamma-ray sources and flaring emissions from extra-galactic sources. As will
be discussed in Section 6, they pushed the construction of a new generation of arrays, HAWC,
LHAASO and H SCORE.
However, the most successful instruments in the history of VHE γ−ray astronomy have been
the Imaging Atmospheric Cherenkov Telescopes (IACTs), Section 5. In the last decade HESS,
MAGIC and VERITAS experiments obtained a lot of important results in gamma-ray astronomy
that cannot be summarized in this note (for further details see, for example, [7] and references
therein). 9.4 Gamma-Rays from Pulsars 325
Fig. 9.9 Significance map of γ -ray objects in the galactic plane as observed by HESS. Credit:
HESS Collaboration (Carrigan et al. 2013)
map of the discovered objects is shown in Fig. 9.9. A large fraction (more than
half) corresponds to PWNe, located in close vicinity to young and energetic pulsars
(Paneque 2012).
In the next section, we describe pulsar and pulsar wind nebulae, which are the
dominant galactic populations of identified objects emitting γ -rays at GeV and TeV
energies. The efficiency of converting spin-down power into γ -rays is typically
within the range of 1–10%.
9.4 Gamma-Rays from Pulsars
Pulsars (PSR) are rotating neutron stars (Sect. 6.7.3) that have traditionally been
a subject of radio astronomy. Some pulsars have an extended nebula emitting
radiation. This constitutes the class of pulsar wind nebulae (PWNe). In some
Figure 10. Significance map of γ-ray objects in the galactic plane as observed by HESS [19].
The sky positions of the 208 known TeV-emitting sources (early 2018), mainly discovered by
IACTs, are shown in Fig. 9. Most of the sources are associated with objects already known
through different wavelength observations. However, new classes of emitting sources have been
discovered, the fraction of unassociated TeV sources is ∼25%.
At TeV energies, the unidentified sources lie essentially on the galactic plane (only 4 out
of 54 are far from the plane), as opposed to sources observed at the GeV energy range. This
could be due to an observational bias. The wide field-of-view and the survey mode operation
of the Fermi satellite provides LAT with a roughly (within a factor two) uniform exposure to
the entire sky. The IACTs have very narrow effective fields-of-view and the galactic plane is the
only large fraction of the sky that has been studied by HESS in detail. This dedicated survey
of about 2700 h from 2004 to 2013 has covered the range in galactic longitude between [-85◦,
+60◦] and [-3.5◦, +3.5◦] in latitude [19]. The HESS angular resolution is ≈0.08◦ (≈5 arcmin),
the sensitivity 61.5% Crab flux and the en rgy r nge 0.2 TeV → 100 TeV. It has revealed more
than fifty VHE γ-ray ources. The significance map of the discov red objects is shown in Fig.
10 [19]. A large fraction (more than half) corresponds to Pulsar Wind Nebulae, located in close
vicinity to young and energetic pulsars [4].
3. Detection techniques
The large energy range that can be investigated in gamma-ray astronomy (≈MeV → PeV)
implies a great variety of generation phenomena and require different detection techniques. The
experimental techniques that can be used in HE/VHE γ−ray astronomy are determined by the
properties of the gamma radiation and by the background:
(1) The γ-ray flux is very small (≤ 10−3 with respect to the background of CRs detected in a
1◦ angle around the direction of the source) and rapidly decreases when energy rises. All
the known sources exhibit a typical differential spectrum in the form of a power-law:
dN
dE
∝ E−γ (2)
with γ ∼ 2 - 3. Small detectors onboard satellites permit observations of tenths GeV γ-rays.
To reveal the low flux at higher energies it is necessary to build up ground-based detectors
where is possible to have big collecting areas.
(2) The Earth’s atmosphere is opaque to γ−rays being about 28 radiation lengths thick at sea
level. Therefore, γ−rays cannot be directly observed by ground-based detectors.
(i) The isotropic CR flux forms a formidable background exceeding by many orders of
magnitude even the strongest steady photon flux. It consists largely in protons and heavier
nuclei.
Given these limitations, a terrestrial observer must use different strategies to face the problem
of the gamma detection.
• Satellites:
Making use of detectors flown on satellites is the simplest way to avoid the problem of the
atmosphere. As mentioned in Section 2, satellite detectors consist mainly of one or more
converter layers in which HE photons produce a pair e+e−, a tracking detector in which
the electron/positron is traced (used to reconstruct the direction of the incident photon)
and a total absorption calorimeter that allows for an energy estimate (resolution ≤ 20
%). The problem of CR background is solved with a charged particle veto counter that
efficiently rejects charged CRs. In the scheme shown in Figure 2 the various elements can
be recognized.
The strong limitation for this technique is the point (1): since the size of detectors is
constrained by the weight that can be placed on satellites, their collection area is not large.
Hence the rapid decreasing of the typical fluxes determines a maximum energy at which
the collection area suffices for a statistical significant detection.
• Ground-based detection:
In the VHE range the low fluxes and the spectral slope of the typical sources require the
use of very large detectors. Therefore, observations must be done from the Earth’s surface.
The ground-based detection of VHE photons is indirect: nature, direction and energy of
the primary particle have to be inferred from the measurable properties of the secondary
particles (in the case of shower arrays) or of the Cherenkov flash (for Cherenkov telescopes).
Due to the opacity of the atmosphere to VHE photons, in fact, only the secondary effects
of the atmospheric absorption can be detected. The mean free path of photons for pair
production is almost the same as the electron radiation length, X0 ∼37 g/cm−2 in air.
Gamma-rays interact electromagnetically, producing an electron/positron pair. These
secondary particles yield a new generation of γ-rays through bremsstrahlung, starting the
generation of an electromagnetic cascade.
Any secondary charged particle in the shower produces Cherenkov light if its velocity exceeds
the threshold β = v/c > n, where n is the refraction index of atmosphere. The light is
emitted at the Cherenkov angle θ, with cosθ = 1/βn. As the refraction index n of the
atmosphere changes with atmospheric depth, the Cherenkov angle increases from 0.66◦ at a
height of 10 km to 0.74◦ at 8 km. This results in a rough focusing of light onto the ground
into a ring-like region with radius of R∼10 km× 0.012 rad = 120 m for a typical γ-ray
shower. The number of Cherenkov photons emitted per unit length is nC ∼0.1 photons
cm−1 at sea level. Multiplying nC by the number of particles at maximum (Nmax) and by
the path length of shower particles, the total number of Cherenkov photons turns out to be
NC ∼ 106 for 1 TeV γ-rays. NC is proportional to Eγ .
Until now two experimental approaches have been used to detect γ radiation from the ground
(Fig. 11):
• Measurement of the Cherenkov light by means of telescopes.
• Sampling of the charged particles of the air showers using arrays made by a large number
of detectors scattered over wide areas.
Figure 11. Experimental techniques used for the detection of high energy γ−rays.
3.1. Background discrimination from ground
The main drawback of ground-based measurement consists in the huge background of charged
CRs. This means that ground-based instruments detect a source as an excess of events from a
certain direction over an overwhelming uniform background. For this reason their sensitivities
are expressed in units of standard deviations of the CR background (for a discussion about
sensitivity in γ-ray astronomy see next Section):
S =
Nγ√
Nbkg
(3)
To give an idea of the background level let us compare the flux of photons from a point source
like the Crab Nebula with the isotropic flux of CRs within an angle of 1 deg around the direction
of the source:
ΦCrabγ (> 1 TeV) ≈ 2 · 10−11 photons cm−2s−1 (4)
ΦCR(> 1 TeV)∆Ω(= 1 msr) ≈ 2 · 10−8 nuclei cm−2s−1. (5)
As it can be seen,
ΦCrabγ ≈ 10−3 · ΦCR (6)
any γ-ray signal is completely overwhelmed by showers produced by ordinary charged CRs
(mainly protons) spread evenly over the sky. And no veto with an anticoincidence shield, as in
satellite experiments, is possible from ground. In addition showers induced by photons are very
similar to showers induced by charged nuclei. Fortunately, some difference does exist.
Figure 12. Scheme of the lateral development of air showers induced by protons (left side) and
photons (right side). The different lateral structures induce different images on the pixel camera
of a IACT.
In 1978 Turver and Weekes with Monte Carlo calculations of γ-ray and proton-initiated air
showers demonstrated for the first time that the Cherenkov imaging approach might provide
a new technique for discrimination [20]. In fact, they observed that the lateral distribution of
the light from gamma-ray and proton showers is quite different in appearance. Whereas the
gamma-ray shower is a relatively compact light pool whose center is close to the shower axis,
the proton shower is more scattered and has a wider range of fluctuations. The scheme of
the lateral development of air showers induced by protons (left side) and photons (right side)
is shown in Fig. 12. Images of EAS initiated by gamma rays have a compact elliptic shape,
and the major axis of the ellipse indicates the shower axis projected onto the image plane. In
contrast, the image of EAS produced by cosmic ray protons show a complex structure due to
hadronic interactions that produce neutral pions (and electromagnetic subshowers initiated by
the prompt decays of pi0 mesons to gamma rays) as well as penetrating muons from the decay
of charged pions.
Rep. Prog. Phys. 71 (2008) 096901 F Aharonian et al
Figure 8. Distribution of Cherenkov light on the ground from a 300 GeV γ ray shower (left) and a 1 TeV proton shower (right) taken from
Monte Carlo simulations (courtesy of Stefan Funk).
[58], AGSAT [59], Solar-II/CACTUS [60], STACEE [61],
CELESTE [62], GRAAL [63] and PACT [64]).
Given the good gamma/hadron separation, excellent
energy resolution and relatively large field of view of imaging
telescopes, there is now a general consensus that arrays of
IACTs provide the most promising avenue for future VHE
studies. In this review, therefore, we concentrate on the results
from the current generation of IACT instruments and limit our
discussion to the imaging technique. An IACT instrument is
essentially a wide-field optical telescope consisting of a large
reflector (typically in a short focal lengthf/0.7 tof/1.5 optical
system) with a high-speed PMT camera in the focal plane. Very
large reflectors and short exposures (.30 ns) are required to
detect the faint flashes of Cherenkov light against the Poisson
fluctuation in the night-sky background. The signal-to-noise
ratio for a telescope is given by
S ∝
(
ϵAm
τ $pix
)1/2
(23)
and is proportional to the square root of the mirror area Am
times the reflectivity of the optics and quantum efficiency of
the PMTs ϵ and inversely proportional to the square root of the
signal-integration timescale τ and solid angle of the pixels$pix.
Since the energy threshold is inversely proportional to the S it
is advantageous to maximize the mirror area and throughput
of the optical system to minimize the threshold. Operation at
a dark site (and on moonless nights) is also important. High-
speed detectors and electronics are required to minimize the
integration time, ideally reducing this down to the shortest
intrinsic timescale of the Cherenkov light wavefront (a few
nanoseconds). The minimum angular size of the shower is
determined by the angular extent of the core of the lateral
distribution which is roughly 0.1◦ (full width) for a few-
hundred GeV shower viewed at the zenith; thus, a reduction
in the pixel size down to this angular scale is expected to give
an improvement in both triggering and shower reconstruction.
Like most very large optical telescopes, IACTs typically
make use of an altitude-azimuth drive for tracking sources
during large exposures. To resolve the important structure
of a shower image, the angular resolution of the telescope,
angular diameter of the pixels and the pointing accuracy of
the telescope mount should all ideally be .0.1◦. While the
angular resolution requirement is considerably more relaxed
than for an optical telescope (with . arcsec optics), the field
of view is substantially larger than most optical telescopes,
with a & 3.5◦ FoV required to contain shower images from
impact parameters ∼ 120 m. Current telescopes are based on
either simple parabolic reflectors or the Davies–Cotton (DC)
optical design [65]. In the latter case, the individual mirror
segments are placed on an optical support structure with the
radius of curvature equal to the focal length or half the radius
of curvature of the individual mirror segments. Each segment
is oriented with its normal pointed at the retroreflection point
at twice the system focal length as it would be for a simple
parabolic or spherical reflector. This arrangement reduces
coma, the dominant source of off-axis aberration. While the
design introduces significant wavefront distortions (resulting
in a time spread of several nsec) and actually degrades the
on-axis performance, the overall effect is to provide a good
point-spread function (PSF) over the entire field of view (FoV).
For example, with an f/1.5 DC design, one can achieve a PSF
with RMS radius of 0.03◦ on-axis, 0.04◦ for a source 2◦ off-axis
and 0.09◦ for field angles of 4◦ off-axis. This is well matched
to the intrinsic angular scale of a shower. Given the simplicity
of the design (using identical spherical mirror segments) this
is the most widely adopted approach and has been used in the
Whipple, CAT, HESS and VERITAS telescopes. Parobolic
reflectors have been used in the CANGAROO and MAGIC
telescopes and provide very good angular resolution on-axis,
but degrading resolution due to coma at larger field angles.
Another, as yet untested, approach would be to use a two-
mirror design to further reduce aberrations. A popular design
used in optical astronomy is based on Ritchey–Chretien optics,
where the primary and secondary radius of curvature and
conic constants are chosen to cancel coma and spherical
aberration. By further constraining the geometry (i.e. selecting
the magnification parameter) it is possible to find designs that
cancel astigmatism, result in flat fields of view and reduce the
plate-scale of the camera.
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Figure 13. Distribution of Cherenkov light on the ground from a 300 GeV γ-ray shower (left)
and a 1 TeV proton shower (right) taken from Monte Carlo simulations [9].
860 16 Atmospheric Cherenkov Radiation
off-axis with respect to the telescope axis is illustrated in Fig. 16.14.4 The solid
ellipse in the upper right of this figure represents the contour of the resulting pixel
patte n and the parameters characterizi g the Cherenkov light image in terms of
shape and orientation re identified.
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Fig. 16.14 Principle and b sic parameters of air Ch renko image analysis to select gamma ray
initiated showers and discriminate against proton showers. The solid ellipse indicates the pixel
image contour, C is the centroid of the image (location of highest brightness) and M the center of
the fi ld of view. The releva parameters are the majo and minor axis of the ell pse, labeled Length
and Width in the plot, the angle α between the major axis and the line connecting the centroid C
with the center of the field of view M , the Distance between C and M , and the two new quantities
called Miss and Azwidth. Miss i the offset or the perpendicula distance betwe n the extension of
the major axis of the ellipse and M , and Azwidth is the azimuthal width of the image as indicated;
it is the r.m.s. spread of light perpendicular to the line connecting C with M . Except for the clean
regular elliptic shape this image is also representative for hadronic showers. The dashed ellipse at
the lower right with the extension of the major axis intercepting the center M of the mirror, labeled
On-Source Gamma Ray Image, shows the typical narrow elliptic contour of a gamma ray shower
when the mirror axis is pointing at the source and the impact parameter is non-zero (for details see
Fegan, 1996)
C is the centroid of the image, i.e., the center of brightness, and M is the center
of the field of view. The relevant parameters are the major and minor axis of the
ellipse, labeled Length and Width in the plot, which mark the r.m.s. spread of the
light and represent the development of the cascade, the angle α between the major
axis and the line connecting the centroid C with the center of the field of view M, the
Distance between C and M, and the two quantities called Miss and Azwidth. Miss
is the offset or perpendicular distance between the extension of the major axis of
the ellipse and M. It is a measure of the shower orientation. Azwidth is the r.m.s.
spread of light perpendicular to the line connecting the centroid of the image to the
center of the field of view, M. The angle ϕ is the major axis orientation angle with
4 Modern large imaging systems are operated over an impact parameter range from 0 to 500 m.
Figure 14. Scheme of the elliptical image produced by an air shower on the pixel camera of a
IACT. The differ nt Hillas param ters, defined here, a e us d to perform background rejection.
The different lat ral structures induce different imag s on the pixel cam ra f a IACT. The
distributi n of Cherenkov l ght on th gro nd from a 300 GeV γ-ray shower (left) and a 1 TeV
proton shower (right) taken from Monte Carlo simulations is shown in Fig. 13.
In 1985 at the ICRC (La Jolla) Hillas suggested to use the so-called ”Hillas image parameters”
to reduce the background: a key milestone in the history of Imaging Air Cherenkov Telescopes
[21]. The idea was to quantify with some suitable parameters the observation that gamma
showers are slimmer, more concentrated and orientated towards the source, as it can be seen
from the Fig. 14, where the Cherenkov footprint of a shower induced by photons on the focal
plane of a Cherenkov telescope is sketched.
The solid ellipse indicates the pixel image contour, C is the centroid of the image (location of
highest brightness) and M the center of the field of view. The relevant parameters are the major
and minor axis of the ellipse, labeled ”Length” and ”Width” in the plot, the angle α between
the major axis and the line connecting the centroid C with the center of the field of view M, the
”Distance” between C and M, and the two quantities called ”Miss” and ”Azwidth”.
Miss is the offset or the perpendicular distance between the extension of the major axis of
the ellipse and M, and Azwidth is the azimuthal width of the image as indicated; it is the r.m.s.
spread of light perpendicular to the line connecting C with M. Except for the clean regular
elliptic shape this image is also representative for hadronic showers.
The dashed ellipse at the lower right with the extension of the major axis intercepting the
center M of the mirror, labeled ”On-Source Gamma Ray Image”, shows the typical narrow
elliptic contour of a gamma ray shower when the mirror axis is pointing at the source and the
impact parameter is non-zero.
Gamma rays are selected based on cuts on these parameters. Below, we briefly summarize
the most important image characteristics used in IACT image analysis:
• Width: the RMS angular size along the minor axis of the ellipse and related to the lateral
development of the shower width =
√
(σ2x + σ
2
y − z)/2.
• Length: the RMS angular size along the major axis of the ellipse and related to the
longitudinal development of the shower length =
√
(σ2x + σ
2
y + z)/2 to the centroid of the
light distribution. This parameter gives a measure of the parallax angle to the shower max
and grows with increasing impact parameter.
• Alpha: the angle made between the major axis of the ellipse and the line between the source
position and centroid. Showers that originate from an object at the source position should
have a value of alpha very close to zero. For an array of telescopes, rather than using
alpha one typically uses the parameter θ2 that gives the square of the distance between
the intersection point of the major axes of images in all pairs of telescopes and the source
position. θ2 actually allows one, using stereoscopic arrays, to reconstruct the direction
within 0.1 deg on an event-by-event base.
In the above definitions, we have used d = σ2y − σ2x and z =
√
d2 + 4(σ2xy)
2. Differences in
these parameters between gamma ray and proton showers can be used to distinguish gamma ray
showers from the background events by cosmic ray particles with a single IACT. For analysis
of data from multiple telescopes, one typically extends this approach and derives weighted
combinations of the width and length parameters [9].
The real breakthrough in gamma-ray astronomy occurred in 1988 when the Whipple
Collaboration applied the Hillas parameters to reject the background from data imaged by
the 159 pixel camera of the 10 m Cherenkov telescope. They observed a gamma-ray signal in
the direction of the Crab Nebula with a statistical significance of 9 standard deviations [22]. In
Fig. 15 the distributions of simulated Hillas parameters for the Whipple telescope are shown
[22]. The difference between gamma-induced events and the isotropic background of charged
CRs can be easily appreciated. With suitable cuts on these parameters the background can be
enormously reduced.
The results obtained by the Whipple Collaboration marked the birthday of the ground-based
VHE gamma astronomy.
New Cherenkov telescopes with improved background discrimination algorithms allow an
effective rejection of hadronic showers by a factor of 100 making IACTs the ideal solution for
ground-based gamma-ray astronomy. Air shower array, in fact, cannot compete with IACTs in
the identification of the background.
Arrays apply two different techniques to reduce the CR background:
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Fig. 4.—Image parameter distribution predicted by simulations for an 
on-axis gamma-ray source at the zenith and an isotropic background of 
cosmic rays. In all but Cone the scale is in degrees. 
It is apparent that any one of these parameters could be used 
as an effective discriminator. In each case a gamma-ray 
domain is defined with a cutoff value which determines the 
range of parameter values where there is the maximum accep- 
tance of gamma rays with the minimum contamination by 
background cosmic rays. These values, as determined from the 
simulations (Hillas 1985), are listed in Table 1; the images are 
classified by the zone in which the largest signal in the image 
occurs. As the zenith angle, z, increases, the ability of this 
camera to differentiate the gamma-ray showers from the 
hadronic background showers decreases because of the 
decreasing size of all shower images. The camera is expected to 
have its maximum sensitivity close to the zenith, although the 
exact response curve will be a function of the source energy 
spectrum. 
Confidence in the ability of the simulations to predict the 
properties of the detected air shower images comes from a 
comparison of the measured parameters of the background 
cosmic-ray events with those predicted by the simulations. 
These are shown in Figure 5 for the various parameters; within 
the statistical limitations of the small number of simulations 
there is good agreement. 
The precise definition of these domains is best achieved by 
experiment; however, this requires the detection of a strong 
gamma-ray signal. It is not unlikely that some relaxation of the 
cutoff values for the various parameters will increase the 
signal-to-noise ratio, since the simulations do not include such 
factors as the influence of pointing errors, the presence of sky- 
noise fluctuations, mirror misalignments, missing pixels, etc. 
Subsequent simulations have shown that none of these factors 
is serious and that they can be neglected initially. Hence, for 
this analysis we have used the gamma-ray domain boundaries 
predicted by the simulations made prior to the observations; no 
optimization is involved, and no extra degrees of freedom must be 
accounted for in assessing the statistical significance of the result. 
The maximum discrimination is predicted by the simula- 
tions when either (a) the parameter domain boundaries are 
used in combination, e.g., when any four out of six of the 
particular image parameters are in the gamma-ray domain or 
(b) the parameter azwidth is used. We will report our results 
primarily in terms of azwidth. Simulations show this to be a 
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Figure 15. Image paramenter distribution predicted by MonteCarlo simulations for an on-axis
gamma-ray source at the zenith and an isotropic background of CRs [22].
(i) Shower compactness.
Showers induced by charged CRs typically deposit large amounts of energy in distinct
clumps far from the shower core (>40 m). Experiments exploiting water Cherenkov
technique (Milagro, HAWC, LHAASO) study the pattern of energy deposition in the
detector and reject events induced by CRs by using topological cuts in the hit pattern
(see Fig. 16). However, topology imply a minimum number of fired PMTs to have a
pattern (HAWC is presently working with more than 70 PMTs), this means that the energy
threshold is close to TeV. The problem to discriminate the background below the TeV is
still an open problem for shower arrays.
(ii) Muon content.
At high energy (above ≈10 TeV) events induced by photons can be distinguished from
showers induced by charged nuclei by measuring their content of muons. In γ-ray showers
Figure 2: Example for a simulated gamma shower (left panel) and proton shower (right
panel) as observed by the full HAWC detector. The color code indicates the number of
photoelectrons per PMT.
DAQ system records individual events caused by air showers once a trigger
condition is met. In this DAQ mode, HAWC is sensitive to showers with
energies larger than about 300GeV. In addition, a secondary “scaler DAQ
system” operates in a PMT pulse counting mode to detect sudden increases
in the counting rate. The scaler system is meant to improve the sensitivity of
HAWC to transient phenomena at the lowest energies. It lowers the energy
threshold of the detector to about 50GeV, but it does not provide directional
information, since it does not record individual showers. Transient phenom-
ena like solar flares and (potentially) GRBs are observed as detector-wide
increases in the counting rate.
Ground-based instruments have to detect gamma-ray sources against the
background of charged cosmic rays, which are more than 1,000 times more
abundant than gamma rays at TeV energies. Separation of gamma-induced
showers from hadron-induced showers is therefore one of the most crucial
tasks of data analysis in gamma-ray astronomy. Cherenkov telescope arrays
like VERITAS, MAGIC, and H.E.S.S. have developed excellent background
rejection by analyzing the shower image on the PMT cameras.
Gamma/hadron separation is more difficult for HAWC, as it is not an
imaging detector. However, the background from hadronic cosmic-ray air
showers can be reduced significantly by analyzing the two-dimensional pat-
tern of triggered PMTs and their charge. The lateral profile of gamma show-
5
Figure 16. Example for a simulated gamma shower (left panel) and proton shower (right panel)
as observed by HAWC. The color code indicates the number of photoelectrons per PMT [23].
muons are produced mainly by the pion photo-production process γ + air→ npi± + mpi0 +
X, followed by the pion decays in muons and photons. The probability of pion production,
with respect to the probability to produce a e+e− pair, is
R =
σ(γ − air → pi+pi−)
σ(γ − air → e+e−) ≈ 3 · 10
−3. (7)
This implies that the muon content in a gamma shower is only a few percent the muon
content in a shower induced by charged CRs. Detection of muons is not straightforward,
however, the detection of the signal depends not only on the size and the sophistication
of the detectors but also on the properties of the γ-ray showers. In fact, if these events
have the same muon content as hadronic showers the detection of any γ-ray fluxes would
be impossible. In order to evaluate the rejection power it is crucial to study how frequently
hadronic showers fluctuate in such a way to have a low muon content indistinguishable
from γ-induced events. The LHAASO experiment is installing a muon detector with
unprecedented area (≈40,000 m2) allowing a discrimination of the background at a level of
10−5 in the 100 TeV energy range.
To better understand advantages and limits of the two techniques it is useful to examine
the characteristics of a ground-based detector with particular attention to the parameters that
define its sensitivity.
4. Sensitivity to a γ-ray point source
In gamma-ray astronomy, the ultimate characteristics of a detector is given by the sensitivity to
a known point-source standard candle.
The statistical significance of an observation is a key issue because it determines whether
a given astronomical source has been detected or not, providing a probability for the excess
being due to background fluctuations. It also plays an important role when the goal is to set
upper limits for non-detected sources. In this case, the sensitivity of the method determines
how constraining the upper limit is.
The main limitation of the ground-based γ-ray measurements is related to the difficulty
into unambiguously identify and reject the charged cosmic ray background. This means that
ground-based instruments detect a source as an excess of events from a certain direction over an
overwhelming uniform background. For this reason the capability to detect a photon signal over
the background of charged cosmic rays can be simply expressed in units of standard deviations
of the CR background, through the so-called ”signal to noise ratio” S :
The typical observation in γ-ray astronomy is following [24]. A detector points in the direction
of a suspected source, the so-called on-region, for a certain time ton and counts Non particles.
The counts in it are due to a possible source and the background. The latter is determined by
the count number Noff in some off-region for a time interval toff It must be chosen in such
a way that one can exclude a priori that it contains a source. The quantity α is the ratio of
the on-source time to the off-source time, α = ton/toff . Then we can estimate the number of
background events included in the on-source counts Non: NB = α Noff . The observed signal,
the probable number of photons contributed by the source, is
NS = Non −NB = Non − α ·Noff (8)
For a positive observation of an emission source, the excess counts Non − NB may have been
caused only by a statistical fluctuation in the background rate.
There have been various procedures adopted by different experiments to estimate statistical
reliability. The so-called ”Li&Ma formula” is the most frequently used method for estimating
the significance of observations carried out in gamma-ray astronomy (eq. 17 in ref. [24]).
Some variant methods have been adopted to estimate the significances when experimenters
reported their positive results of γ-ray sources. For example, many experimenters use the
standard deviation of the number of background particles NB as a measure of the statistical
error of the observed signal NS , and define the significance as
S
NS√
NB
=
NS√
α ·Noff
(9)
As discussed in [24], this formula overestimate the significance of the observation. Nevertheless,
to introduce the key parameters which determine the sensitivity of a ground-based γ-ray
telescope we can use this approximate formula (with α=1 and Noff=Nbkg)
S =
Nγ√
Nbkg
=
∫
Jγ(E) ·Aγeff (E) · γ(E) · fγ(∆Ω) · TdE√∫
Jbkg(E) ·Abkgeff (E) · (1− bkg(E)) ·∆Ω · TdE
(10)
where Jγ and Jbkg are the differential fluxes of photon and background, A
γ
eff and A
bkg
eff the
effective areas, that determines the number of showers detected in a given observation time T ,
∆Ω = 2pi(1 − cosθ) the solid angle around the source and fγ(∆Ω) the fraction of γ-induced
showers fitted in the solid angle. The parameters γ and bkg are the efficiencies in identifying γ-
induced and background-induced showers, respectively. As most of the parameters are function
of the energy, the sensitivity depends on the energy spectra of the cosmic ray background and
of the source.
The sensitivity S, formula (10), in 1 year can be expressed by
S ∝ Φγ√
Φbkg
·R ·
√
Aγeff ·
1
σθ
·Q (11)
where Φγ and Φbkg are the integral fluxes of photon and background, σθ is the angular
resolution, R =
√
Aγeff/A
bkg
eff the γ/hadron relative trigger efficiency and the so-called Q-factor
Q =
γ√
1−bkg
represents the gain in sensitivity due to the background discrimination procedure.
For a point source the angular term to evaluate the background is given by the opening angle
of the detector, i.e. the point spread function PSF (∆Ω = ∆ΩPSF ∼ pi θ2PSF ). If we have an
extended source with a photon flux equal to that of the point source we must integrate over
the extension of the source to have the same number of photons: ∆ΩPSF → ∆Ωext, and the
background will increase. Therefore,
Sext ∝
[
Φγ√
Φbkg
·R ·
√
Aγeff ·Q ·
1
θext
· θext
θPSF
]
· θPSF
θext
(12)
and
Sext ∝ Spoint · θPSF
θext
(13)
where θext is the dimension of the extended source. As it can be seen, detectors with a poor
angular resolution, like shower arrays, are favoured in the extended source studies.
Because for the integral fluxes we can write Φγ ∼ E−γthr and Φbkg ∼ E
−γbkg
thr we obtain
Φγ√
Φbkg
∼ E−(γ−γbkg/2)thr ∼ E−2/3thr (14)
being γ ∼1.5 and γbkg ∼1.7.
Angular resolution, relative trigger probability, energy threshold and Q-factor are the main
parameters, the drives, which determine the sensitivity of a ground-based γ-ray telescope.
4.1. The energy threshold
The energy threshold of EAS-arrays is not well defined. In fact, the trigger probability for a
shower of a fixed energy increases slowly with energy mainly due to fluctuations in the first
interaction height and is not a step function at the threshold energy Ethr.
The key to lower the energy threshold is to locate a detector at very high altitude. In the Fig.
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Figure 17. Average number of particles (charged + photons) produced by showers induced
by primary photons and protons of different energies at different observation levels. The left
plot shows the total size, the right one refers to particles contained inside an area 150×150 m2
centered on the shower core. The plotted energies are 100, 300, 1000 GeV starting from the
bottom [25].
17 the average sizes produced by showers induced by primary photons and protons of different
energies at different observation levels are plotted. The left plot shows the total number of
secondary particles (charged plus photons), the right one shows the number of particles contained
inside an area 150×150 m2 centered on the shower core. As can be seen, the number of particles
in proton-induced events exceeds the number of particles in γ-induced ones at low altitudes.
This implies that, in gamma-ray astronomy, the trigger probability is higher for the background
than for the signal.
The small number of charged particles in sub-TeV showers within 150 m from the core
imposes to locate experiments at extreme altitudes (>4500 m asl). At 5500 m asl 100 GeV
γ-induced showers contain about 8 times more particles than proton showers within 150 m from
the core. This fact can be appreciated in the Fig. 18 where the ratio of particle numbers
(charged + photons) in photon- and proton-induced showers of different energies as a function
of the observation level are shown.
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Figure 18. Ratio of particle numbers (charged + photons) in photon- and proton-induced
showers of different energies as a function of the observation level. The left plot shows the total
size, the right one refers to particles contained inside an area 150×150 m2 centered on the shower
core [25].
4.2. Relative Trigger Efficiency R
The effective area Aeff is mainly a function of the number of charged particles at the observation
level, the dimension and coverage of the detector and the trigger logic. Moving a given detector
at different altitudes Aeff is proportional to the number of charged particles.
The Fig. 18 shows the ratio R = Nγ/Np of all secondary particles (charged plus photons) in
photon- and proton-induced showers as a function of the altitude. The left plot refers to the total
size, the right one to particles contained inside an area 150×150 m2 centered on the shower core.
When R<1 the trigger probability is higher for protons than for photons. On the contrary, when
R>1 the trigger probability, and thus the effective area, of the detector is larger for γ-showers
than for protons, and an intrinsic γ/hadron-separation is available at higher altitudes. Being R
proportional to the ratio of effective areas an altitude >4500 m asl is required to increase the
sensitivity of a gamma-ray telescope in the hundreds GeV energy range.
Comparing the two plots of Fig. 18 we can see that, as expected, the γ-showers show a
more compact particle distribution at the observation level. Therefore, at extreme altitudes
the trigger efficiency of photon event at hundreds GeV is highly favoured if we consider only
secondary particles within 150 m from the core. Showers of all energies have the same slope well
after the shower maximum: ≈1.65x decrease per radiation length (r.l.). This implies that if a
given detector is located one radiation length higher in atmosphere, the result will be a ≈1.65x
decrease of the energy threshold.
But the energy threshold is also a function of the detection medium and of the coverage, the
ratio between the detector and instrumented areas. Classical EAS arrays are constituted by a
large number of detectors (typically plastic scintillators) spread over an area of order of 104 –
105 m2 with a coverage factor of about 10−3. This poor coverage limits the energy threshold
because small low-energy showers cannot be efficiently triggered by a sparse array. To exploit
the potential of the coverage, a high granularity of the read-out must be coupled to image the
shower front with high resolution.
Another important factor to lower the energy threshold of a detector is the secondary photon
component detection capability. Gamma rays dominate the shower particles on ground: at 4300
m asl a 100 GeV photon-induced shower contains on average 7 times more secondary photons
than electrons [26]. In γ-showers the ratio Nγ/Nch decreases if the comparison is restricted to a
small area around the shower core. For instance, we get Nγ/Nch ∼3.5 at a distance r < 50 m
from the core for 100 GeV showers [26].
In Fig. 19 the ratio of secondary photons within 150 m from the shower core for gamma-
and proton-induced showers of different energies is plotted as a function of the altitude. The
number of secondary photons in low energy γ-showers exceeds by large factors the number of
gammas in p-showers with increasing altitude. Detecting photons at extreme altitudes provides
an intrinsic γ/hadron separation tool.
4.3. The angular resolution
In a search for cosmic point γ-ray sources with ground-based arrays the main problem is the
rejection of the background due to charged cosmic rays, therefore a good angular resolution (i.e.,
the accuracy in estimating the arrival direction) is fundamental.
The angular resolution σθ is related to the opening angle ∆Ω. If the point spread function
of the angular resolution is gaussian ∼ e−
θ2
2σ2
θ the opening angle that maximize the signal/bkg
ratio is given by ∆θ = 1.58σθ and it tallies with a fraction of  = 0.72 of the events from the
direction of the source in the solid angle ∆Ω = 2pi(cos∆θ). And so: (∆Ω)∆Ω ' 0.721.6σθ = 0.45σθ . In the
following the opening angle ∆Ω which maximize the sensitivity will be called ψ70.
The usual method for reconstructing the shower direction is performing a χ2 fit to the recorded
arrival times ti by minimization of
χ2 =
∑
i
w(f − ti)2 (15)
where the sum includes all detectors with a time signal. Usually the function f describes a plane,
a cone with a fixed cone slope or a plane with curvature corrections as a function of core distance
r and multiplicity m. Fitted are a time offset and the two direction cosines. The weights w
are generally chosen to be an empirical function of the number m of particles registered in a
counter, a function of r or a function of r and m. This represents in general terms the usual
fitting procedure of the ”time of flight” technique. Improvement to this scheme can be achieved
by excluding from the analysis the time values belonging to the non-gaussian tails of the arrival
time distributions by performing some successive χ2 minimizations for each shower [27, 28]. In
fact, the distribution of the arrival times shows non-Gaussian tails at later times, mainly due
to multiple scattering of low energy electrons but also to incorrect counter calibrations and to
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Figure 19. Ratio of secondary photons in gamma- and proton-induced showers of different
energies as a function of the observation level. The particles have been selected inside an area
150×150 m2 centered on the shower core [25].
random coincidences. These non-Gaussian tails are expected typically to be 20% of all measured
time values.
Placing a thin sheet of converter above the detector can improve the angular resolution due to,
qualitatively: (1) absorption of low energy electrons (and photons) which no longer contribute
to the time signal; (2) multiplication process of high-energy electrons (and photons) which
produce an enhancement of the signal. The enhanced signal reduces the timing fluctuations:
the contributions gained are concentrated near the ideal time profile because the high energy
particles travel near the front of the shower while those lost tend to lag far behind.
5. Imaging Atmospheric Cherenkov Telescopes
The most successful instruments in the history of VHE γ−ray astronomy have been the Imaging
Atmospheric Cherenkov Telescopes (IACTs). The imaging technique relies on the detection on
the ground of the images of the Cherenkov light distribution from the electromagnetic cascades.
From the measurement, it is possible to determine both the longitudinal and lateral development
of the electromagnetic showers, and the arrival direction and energy of the primary γ-rays. These
detectors typically make use of a parabolic or spherical mirror to focus the Cherenkov photons
onto a tightly packed array of photomultiplier tubes (PMTs) placed in the focal plane. A
Cherenkov telescope must be operated in almost total darkness, in clear moonless nights. As a
consequence, the duty cycle is limited to 10-15%. Properties of the primary particles are inferred
by the resulting image of the shower (see Fig. 12).
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Fig. 9.1 Sketch of the imaging atmospheric Cherenkov telescopes technique. A shower initiated
by a γ -ray of energy ≥100GeV is observed through the Cherenkov radiation emitted by charged
particles with ∼ 10m diameter reflectors positioned about 100m away from each other. The
Cherenkov light arrives on the ground as a thin pancake, a few ns wide. The fraction arriving
at the reflector is focused into a high-speed PMT camera in the focal plane. The images at the
focal plane of different telescopes (upper right inset) allow for the determination of the shower’s
direction and energy. Modified from an original drawing by Prof. W. Hofmann
(Sect. 9.5) in about 1min, and a source with 1% of the Crab flux in 25 h.1 As with
most very large optical telescopes, IACTs typically make use of an altitude-azimuth
drive for tracking sources during large exposures. The angular resolution reached
with the IACT technique allows for the resolution of important substructures of
some sources.
Current telescopes are based on either simple parabolic reflectors (MAGIC) or
many individual mirror segments having a radius of curvature equal to the focal
length, placed on an optical support structure (HESS, VERITAS).
1Note that a source with a flux equal to 1% of the Crab is not detected in 100min. The statistical
significance of a signal excess depends on the background level, and this increases linearly with
the observation time.
Figure 20. Sketch of the imaging atmospheric Cherenkov telescopes technique. A shower
initiated by a γ-ray of energy >100 GeV is observed through the Cherenkov radiation emitted
by charged par icles with ∼10 m diameter reflectors positioned bout 100 m away from each
other. The Cherenkov light arrives on the ground as a thin pancake, a few ns wide. The fraction
arriving at the reflector is focused into a high-speed PMT camera in the focal plane. The images
at the focal plane of different telescopes (upper right inset) allow for the determination of the
shower’s direction and energy [4].
With a telescope consisting of an optical reflect r of diameter D≈ 10 m, as well as a camera
with pixel size 0.1◦ - 0.2◦ and field of view >3◦, primary gamma-rays of energy >100 GeV can
be collected from distance as larg as 100 m. This provides huge de ection areas, A>3×104 m2,
which compensate the weak gamma-ray fluxes at these energies. The total number of photons
in the registered Cherenkov light image is a measure of energy, the orientation of the image
correlates with the arrival direction of the gamma-ray, and the shape of the image contains
information about the origin of the primary particle (a proton or photon) (see for a review Ref.
[4]). The basic principles of operation of the IACT technique are illustrated in Fig. 20.
The stereoscopic observations of air showers with two or more 10 m diameter telescopes
located at distances of about 100 m from each other provide a quite low energy threshold around
100 GeV, effective (by a factor of 100) rejection of hadronic showers, nd good angular (≈0.1◦)
and energy (≈15%) resolutions. At energies around 1 TeV, the performance achieves the best
sensitivity, a minimum detectable energy flux of 10−13 erg/cm2/s. This is a quite impressive
achievement even in the standards of advanced branches of astrophysics [7].
As discussed, their excellent results are actually mainly due to their ability to perform an
efficient γ/hadron separation using the shape of the Cherenkov image [21, 22]: γ−rays give a
smooth, elliptical image that points toward the centre of the field of view, while CRs images
are broader and more irregular. Actually the background rejection makes indirectly use of the
direction reconstruction: requiring that the axis of the elliptical image intersects the centre of
the FoV is equivalent to the selection of showers whose direction is parallel to the mirror axis
(i.e. primary particles coming from the pointed direction). In fact the background rejection is
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Figure 21. The HESS telescopes in Namibia.
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Fig. 9.3 The HESS telescopes in Namibia. Credit: HESS Collaboration (http://www.mpi-hd.mpg.
de/hfm/HESS/)
Fig. 9.4 The four IACT array VERITAS at Mt. Hopkins, Arizona. Credit: VERITAS Collabora-
tion (http://veritas.sao.arizona.edu/)
and angular resolution of the instrument (see Fig. 9.3). This telescope started taking
data in 2012. The camera of the new telescope follows the design of the others, but
it is much larger—it contains 2048 pixels—and virtually every detail is improved.
The Very Energetic Radiation Imaging Telescope Array System (VERITAS)
(Fig. 9.4) is in operation at the Fred Lawrence Whipple Observatory in southern
Arizona, USA (32◦N, 111◦W, altitude 1275m). It is an array of four 12m optical
reflectors with similar characteristics as HESS-Phase I. Each reflector uses 499-
pixel cameras, with a field-of-view of 3.5◦. The covered energy range is between
50GeV and 50TeV. The four-telescope array was completed in January 2007.
The Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) (28◦N,
17◦W, altitude 2225m) originally consisted of a single, very large reflector (236m2)
installed on the Canary island of La Palma, with a 3.5◦ high-resolution camera
composed of 576 ultra-sensitive PMTs. The first telescope has been fully operational
since 2004. In 2009, a second telescope of essentially the same characteristics was
added; MAGIC-II was installed at a distance of 85m from MAGIC-I, Fig. 9.5.
MAGIC is characterized by the largest collection surface of any existing γ -ray tele-
scope worldwide, an assembly of nearly 1000 individual mirrors, together resulting
in a parabolic dish with a 17m diameter; the diamond-grinding and polishing of
the individual aluminum mirrors and their mounting (in altitude/azimuth controlled
position) on a lightweight carbon fiber structure was a real technological challenge.
Figure 22. The four IAC array VERITAS at Mt. Hopkins, riz n .
not so good in the case of diffuse sources.
There are currently three major IACT systems in operation, two in the Northern hemisphere,
and one in the Southern [4].
• The High Energy Stereoscopic System (HESS) Observatory.
HESS is located in Namibi (-23◦ N, -16◦ W, altitude 1800 m), in the Southern Hemisphere
(see 21 . It is th IACT with th largest field-of-view and the onl one in the Southern
hemisphere able to observe the Inner Galaxy and the Gal ctic Center. The initial four
HESS t lescopes (Phase I, compl ted in 2004) are arranged in the form of a square having a
side length of 120 m, to provide multiple stereoscopic views of air showers. Each telescope
of Phase I has a diameter of 13 m, with a total mirror area of 108 m2 per telescope, 960
photon detector elements (”pixels”) to resolve image details and a field-of-view of about 5◦.
In Phase II of the project, a single huge dish with about 600 m2 mirror area was added at
the center of the array, increasing the energy coverage, sensitivity and angular resolution
of the instrument. The camera of the new telescope contains 2048 pixels. This telescope
started taking data in 2012.
• The Very Energetic Radiation Imaging Telescope Array System (VERITAS).
VERITAS is in operation at the Fred Lawrence Whipple Observatory in southern Arizona,
USA (32◦ N, 111◦ W, altitude 1275 m) (see, Fig. 22). It is an array of four 12 m
optical reflectors with similar characteristics as HESS-Phase I. Each reflector uses 499-
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Fig. 9.5 The two large telescopes of the MAGIC observatory. Credit: MAGIC Collaboration
(https://magic.mpp.mpg.de/)
The large surface and the optimal light collection of the mirrors allow for the
detection of γ -rays with an energy threshold of ∼ 25GeV.
A very fast (average time 40 s) repositioning of the telescope axis is one of the
major characteristics of MAGIC with respect to other IACTs. This is achieved by
minimizing the device’s weight and automating axis control. Repositioning in a
matter of seconds is important when short-lived phenomena are signaled by other
active devices, e.g., by satellite-based wide-angle detectors in the X-ray band, in
particular, for GRBs.
In addition to the above detectors, CANGAROO was a Japanese and Australian
observatory placed in Australia. In its final design (operating from 2004 to 2011), it
consisted of four 10m diameter telescopes.
The Cherenkov Telescope Array (CTA) will probably be the future of observa-
tional γ -ray astronomy, at least for the next 10–20 years. The research objectives
of the next generation of IACT arrays, and especially of CTA, are devoted to (1) a
significant improvement (by an order of magnitude) of the flux sensitivities in the
standard 0.1–10TeV energy interval, and (2) an expansion of the energy domain
of IACT arrays in both directions—down to 10GeV and well beyond 10TeV. This
ambitious research goal will be realized by increasing the number of telescopes
with different sizes, from a few very large 20m diameter class telescopes to a large
number of modest area (10–30m2) reflectors. In this effort, all the three existing
IACT communities are involved (Rieger et al. 2013).
Figure 23. The two large telescopes of the MAGIC observatory.
pixel cameras, with a field-of-view of 3.5◦. The covered energy range is between 50 GeV
and 50 TeV. The four-telescope array was completed in January 2007.
• The Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC). MAGIC (28◦ N, 17◦
W, altitude 2225 m) originally consisted of a single, very large reflector (236 m2) installed on
the Canary island of La Palma, with a 3.5◦ high-resolution camera composed of 576 ultra-
sensitive PMTs (see Fig. 23). The first teles ope has been fully operational since 2004.
In 2009, a second tel scope of essentially the same characteristics was added; MAGIC-II
was installed at a distance of 85 m from MAGIC-I. MAGIC is characterize the largest
collection surface of any existing γ-ray telescope worldwide, constituted by nearly 1000
individual mirrors, together resulting in a parabolic dish with a 17 m diameter. The large
surface and the optimal light collection of the mirrors allow for the detection of γ-rays with
an energy threshold of about 20 GeV. A very fast (average time 40 s) repositioning of the
telescope axis is one of the major characteristics of MAGIC with respect to other IACTs.
Repositioning in a matter of seconds is important when short-lived phenomena are triggered
by ot r active de ices, e.g., by satellite-based wide-angle detectors in the X-ray band, in
particular, for GRBs.
In fact, MAGIC for the first time observed from ground, with high statistical significance,
the afterglow of a GRB, the GRB 190114C triggered by the Swift-BAT alert. The MAGIC
real-time analysis shows a significance >20 standard deviations in the first 20 min of
observations (starting at T0+50 s) for energies >300 GeV. The relatively high detection
threshold is due to the large zenith angle of observations (>60 degrees) and the presence of
partial Moon [29].
Regarding the previous generation instruments, one should mention two detectors, the 10
m diameter single dish of the Whipple Observatory (south Arizona) and the HEGRA array
of five relatively modest (4 m diameter) Cherenkov telescope (La Palma, Canary Islands).
These instruments can be considered as prototypes of the current IACT arrays. They
played a crucial role in the development of ground-based gamma-ray astronomy. While the
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Figure 24. Layout of the future CTA-South array.
Whipple collaboration, as discussed, pioneered the implementation and successful realization
of the imaging atmospheric Cherenkov technique [22], the HEGRA collaboration convincingly
demonstrated the power of the stereoscopic approach [30 31].
The Cherenkov Telescope Array (CTA) will represent the future of observational γ-ray
astronomy from ground (Fig. 24). The research objectives of the next generation of IACT arrays,
and especially of CTA, are devoted to (1) a significant improvement (by an order of magnitude)
of the flux sensitivities in the standard 0.1-10 TeV energy interval, and (2) an expansion of the
energy domain of IACT arrays in both directions, down to 10 GeV and well beyond 50 TeV. This
ambitious research goal will be realized by increasing the number of telescopes with different
sizes, from 4 very large 20 m diameter class telescopes to a large number of modest area (10-30
m2) reflectors [32] .
The IACT arrays are designed to observe point-like or moderately extended (with angular
size 1◦ or less) objects with known celestial coordinates. The potential of IACT arrays is limited
for the search for very extended structures (like diffuse emission, Fermi Bubbles and giant Radio
Lobes of the radiogalaxy Centaurus A), as well as for solitary or transient γ-ray phenomena.
In this regard, the detection technique based on direct sampling of secondary particles that
constitute the extensive air showers, is a complementary approach to the IACT technique.
6. Extensive Air Shower Arrays
Instruments that detect the secondary charged particles reaching the ground level are known
as EAS arrays. As discussed in the lecture [33], typically they consist of a number of charged
particle detectors, usually 1 m2 scintillation counters (or water Cherenkov tanks), spread over
an area of 104 - 105 m2 with a spacing of 10 - 20 m. The total sensitive area is therefore less
than 1% of the total enclosed area. The shower is sampled at a single depth (the observational
level) and with an additional sampling of the shower front at fixed points. This results in a high
degree of uncertainty in the reconstruction due to fluctuations1.
The sparse sampling sets the energy threshold and determines a poor energy resolution
(∼100%). The direction of the incoming primary particle is reconstructed with the fast timing
method making use of the relative times at which the individual detection units are fired by
1 For a comparison, Cherenkov detectors record information related to the whole longitudinal and lateral
development of the shower summarized by the elliptical image on the pixel camera.
the shower front. Also the angular resolution is limited by the shower fluctuations (∼ 1◦). In
few arrays the measurement of the muon content may allow for background rejection above ≈10
TeV. However, the ability to discriminate γ and hadron induced showers is quite limited.
In addition dependence of threshold and reconstruction capabilities on the zenith angle is
higher than for Cherenkov detectors: since the active area is horizontal, its projection onto a
plane perpendicular to the shower axis is smaller than the geometrical area2. On the other hand,
EAS arrays have a large field of view (∼2 sr) and a 100% duty cycle. These characteristics give
them the capability to serve as all-sky monitors.
Two different experimental techniques have been applied in the last two decades in ground-
based survey instruments:
(1) Water Cherenkov (Milagro).
(2) Resistive Plate Chambers (ARGO-YBJ).
The Milagro detector consisted of a large central water reservoir (60×80 m2), which operated
between 2000 and 2008 in New Mexico (36◦ N,107◦ W), at an altitude of 2630 m. The reservoir
was covered with a light-tight barrier, and instrumented with 2 layers of 8” PMTs to improve
the detection of muons. In 2004, an array of 175 small tanks was added, irregularly spread over
an area of 200×200 m2 around the central reservoir. With this array Milagro developed analysis
techniques for CR background discrimination.
The ARGO-YBJ experiment consisted in a full coverage central carpet (∼75×75 m2 and
coverage ∼92%) enclosed by a partially instrumented guard-ring to improve reconstruction of
events with the core outside the carpet [34]. The active elements of the detector were constituted
by Resistive Plate Chambers (RPCs). ARGO-YBJ has been in stable data taking between 2007
and 2013 in Tibet at an altitude of 4300 m. The benefits in the use of RPCs in ARGO-YBJ were
[34]: (1) high efficiency detection of low energy showers by means of the high density sampling
of the central carpet (median energy in the first multiplicity bin ∼300 GeV); (2) unprecedented
wide energy range investigated by means of the digital/charge read-outs (∼300 GeV → 10
PeV); (3) good angular resolution (σθ ≈ 1.66◦ at the threshold, without any lead layer on top
of the RPCs) and unprecedented details in the core region by means of the high granularity
of the different read-outs. RPCs allowed to study also charged CR physics (energy spectrum,
elemental composition and anisotropy) up to about 10 PeV. By contrast, the capability of water
Cherenkov facilities in extending the energy range to PeV and in selecting primary masses must
be still demonstrated.
In both experiments (Milagro and ARGO-YBJ) the limited capability to discriminate the
background was mainly due to the small dimensions of the central detectors (pond and carpet).
In fact, in the new experiments, like HAWC and LHAASO, the discrimination of the CR
background is made studying shower characteristics far from the shower core (at distances R>
40 m from the core, the dimension of the Milagro and ARGO-YBJ detectors). Milagro developed
analysis techniques for CR background discrimination only when the array of small tanks was
added and the instrumented area enlarged.
The ARGO-YBJ experiment, combining the full coverage approach at high altitude with a
high granularity of the read-out (about 15,000 strips 7×62 cm2 wide), sampled 100 GeV γ-
induced showers with an efficiency of about 70%. The median energy of the first multiplicity
bin (20-40 fired pads) for photons with a Crab-like energy spectrum was 340 GeV [35]. The
granularity of the read-out at cm level allowed to sample events with only 20 fired pads, out
of 15,000, with a background-free topological-based trigger logic. A water Cherenkov based
facility will hardly be able to lower the energy threshold below ∼500 GeV. The Milagro results,
as well as the potential for continuous monitoring of a large fraction of the sky, have motivated
2 Cherenkov telescopes point the source therefore their area is always orthogonal to the shower axis. The
degradation of the detector performance with zenith is simply due to the increasing thickness of atmosphere.
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Fig. 4.52 Left: The HAWC detector. Right: Sketch of a water tank. Credit: HAWC Collaboration.
m2 area. A central detector of 80 000 square meters (four times the HAWC detector) of surface water pools is
equipped with PMTs to study gamma-ray astronomy in the sub-TeV/TeV energy range. About 1200 water
tanks underground, with a total sensitive area of about 42 000 m2, pick out muons, to separate gamma-
ray initiated showers from hadronic showers. 18 wide field-of-view Cherenkov telescopes will complete the
observatory. LHAASO will have the best sensitivity on gamma-ray initiated showers above some 10 TeV.
One quarter of the observatory should be ready by 2018, and completion is expected in 2021.
Cherenkov Telescopes. Most of the experimental results on VHE photons are presently due to Imaging
Atmospheric Cherenkov Telescopes (IACTs), which detect the Cherenkov photons produced in air by charged,
locally superluminal particles in atmospheric showers.
WHIPPLE in Arizona was the first IACT to see a significant signal (from the Crab Nebula, in 1989). The
second generation instruments HEGRA and CANGAROO, improved the technology, and presently the third
generation instruments H.E.S.S.in Namibia, MAGIC in Canary Islands and VERITAS in Arizona are running
smoothly and detecting tens of sources every year. For reasons explained below, these instruments have a
low duty cycle (about 1000–1500 h/year) and a small field-of-view (FoV), but they have a high sensitivity
and a low energy threshold.
The observational technique used by the IACTs is to project the Cherenkov light collected by a large
optical reflector onto a focal camera which is basically an array of photomultipliers, with a typical quantum
e ciency of about 30%, in the focal plane of the reflector (see Fig. 4.53). The camera has a typical diameter of
about 1m, and covers a FoV of about 5 ⇥5 . The signal collected by the camera is analogically transmitted
to trigger systems, similar to the ones used in high-energy physics. The events which pass the trigger levels
are sent to the data acquisition system, which typically operates at a frequency of a few hundreds Hz. The
typical resolution on the arrival time of a signal on a photomultiplier is better than 1 ns.
The shower has a duration of a few ns (about 2–3) at ground; this duration can be maintained by an
isochronous (parabolic) reflector.
Since, as discussed above, about 10 photons per square meter arrive in the light pool for a primary photon
of 100GeV, a light collector of area 100m2 is su cient to detect gamma ray showers if placed at mountain-
top altitudes. Due to the faintness of the signal, data can typically be taken only in moonless time, or with
moderate moonlight, and without clouds, which limits the total observation time to some 1000-1500 h/year.
In the GeV-TeV region, the background from charged particles is three orders of magnitude larger than the
signal. Hadronic showers, however, have a di↵erent topology, being larger and more subject to fluctuations
than electromagnetic showers. Showers induced by gamma-rays can thus be separated from the hadronic ones
on the basis of the shower shape. Most of the present identification techniques rely on a technique pioneered
by Hillas in the 1980s; the discriminating variables are called “Hillas parameters.” The intensity (and area)
of the image produced provide an estimate of the shower energy, while the image orientation is related to the
shower direction (photons “point” to emission sources, while hadrons are in first approximation isotropic).
The shape of the image is di↵erent for events produced by photons and by other particles; this characteristic
can be used to reject the background from charged particles (Figs. 4.54 and 4.55).
Figure 25. Layout of the HAWC experiment. The sketch of a water tank is shown on the right
side.
the construction of larger EAS detectors like the High-Altitude Water Cherenkov Observatory
(HAWC). HAWC is located on the Sierra Negra volcano in central Mexico at an elevation of
4100 m a.s.l. (see Fig. 25). It consists of an array of 300 water Cherenkov detectors made
from 5 m high, 7.32 m diameter, water storage tanks covering an instrumented area of about
22,000 m2 (the actual tank coverage is 12,550 m2 with a coverage factor less than 60%). Four
upward-facing photomultiplier tubes (PMTs) are mounted at the bottom of each tank: a 10”
PMT positioned at the center, and three 8” PMTs posi ioned halfway between the tank center
and rim. The central PMT has roughly twice the sensitivity of the outer PMTs, due to its
superior quantum efficiency and larger size. The WCDs are filled to a depth of 4.5 m, with 4.0
m (more than 10 radiation lengths) of water above the PMTs. This large depth guarantees that
the electromagnetic particles in the air shower are fully absorbed by the HAWC detector, well
above the PMT level, so that the etector itself acts as an electromag etic calorime r providing
an accurate measurement of e.m. energy depositio [36, 37, 38].
After a few years of operations a number of interesting results has been obtained. We ention
just the publication of the 2nd catalog of gamma-ray sources [39] that demonstrates the enormous
potential of wide FoV detectors in discovering new γ-ray sources. Realized with 507 days of data,
with an instantaneous FoV >1.5 sr and >90% duty cycle, represents the most sensitive TeV
survey to date for such a large fractio of the sky. The me ian energy of the lowest multiplicity
bin is about 700 GeV. A total of 39 sources were detected, with an expected contamination
of 0.5 due to background fluctuations. Out of these sources, 19 are new sources that are not
associated with previously known TeV sources. Ten are reported in TeVCat as PWN or SNR:
2 as blazars and the remaining eight as unidentified.
Two new wide FoV detectors, LHAASO and TAIGA-HiSCORE, are under installation and
will be briefly described in the following.
6.1. The LHAASO experiment
A new project, developed starting from the experience of ARGO-YBJ, is LHAASO [40]. The
experiment is strategically built to study with unprecedented sensitivity the energy spectrum,
the elemental composition and the anisotropy of CRs in the energy range between 1012 and 1017
eV, s well as to act simultaneo sly as a wide apertur (∼2 r), co tinuosly-operated gamma-ray
telescope in the energy range between 1011 and 1015 eV.
The first phase of LHAASO will consist of the following major components (see Fig. 26):
• 1.3 km2 array (LHAASO-KM2A) for electromagnetic particle detectors (ED) divided into
two parts: a central part including 4931 scintillator detectors 1 m2 each in size (15 m
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Figure 26. Layout of the LHAASO experiment. The insets show the details of one pond of
the WCDA and of the KM2A array constituted by two overimposed arrays of electromagnetic
particle detectors (ED) and of muon detectors (MD). The telescopes of the WFCTA, located at
the edge of a pond, are also shown.
spacing) to cover a circular area with a radius of 575 m and an outer guard-ring instrumented
with 311 EDs (30 m spacing) up to a radius of 635 m.
• An overlapping 1 km2 array of 1146 underground water Cherenkov tanks 36 m2 each in
size, with 30 m spacing, for muon detection (MD, total sensitive area ∼42,000 m2).
• A close-packed, surface water Cherenkov detector facility with a total area of about 78,000
m2 (LHAASO-WCDA).
• 18 wide field-of-view air Cherenkov telescopes (LHAASO-WFCTA).
LHAASO is under installation at high altitude (4410 m asl, 600 g/cm2, 29◦ 21’ 31” N, 100◦
08’15” E) in the Daochen site, Sichuan province, P.R. China. The commissioning of one fourth of
the detector will be implemented in 2019 with a sensitivity better than HAWC. The completion
of the installation is expected by the end of 2021.
In Tables 1 and 2 the characteristics of the LHAASO-KM2A array are compared with other
experiments. As can be seen, LHAASO will operate with a coverage of ∼0.5% over a 1 km2
area. The sensitive area of muon detectors is unprecedented and about 17 times larger than
CASA-MIA, with a coverage of about 5% over 1 km2. By using LHAASO-WCDA as a further
muon detector, the total sensitive area for µ-detection will be about 120,000 m2 !
Fig. 27 shows the LHAASO sensitivity in detecting a point–like gamma-ray source, compared
to that of other experiments. The LHAASO sensitivity shows a structure with two minima,
reflecting the fact that the observation and identification of photon showers in different energy
ranges is carried out by different detectors: the water Cherenkov array (WCDA) in the range
∼0.3 – 10 TeV and the KM2A array above 10 TeV. To compare the sensitivities of the
experiments reported in Fig. 27, it is important to note that, following the standard convention,
the EAS arrays sensitivity is given for a time of one year, while the sensitivity of Cherenkov
telescopes is calculated for 50 hours. As can be seen in the figure, at energies above few TeV, the
Table 1. Characteristics of different EAS-arrays (e.m.)
Experiment Altitude e.m. sensitive Instrumented Coverage
(m) area (m2) area (m2)
LHAASO 4410 5.2×103 1.3×106 4×10−3
TIBET ASγ 4300 380 3.7×104 10−2
IceTop 2835 4.2×102 106 4×10−4
ARGO-YBJ 4300 6700 11,000 0.93
(central carpet)
KASCADE 110 5×102 4×104 1.2×10−2
KASCADE-Grande 110 370 5×105 7×10−4
CASA-MIA 1450 1.6×103 2.3×105 7×10−3
Table 2. Characteristics of different EAS-arrays (muons)
Experiment Altitude µ sensitive Instrumented Coverage
(m) area (m2) area (m2)
LHAASO 4410 4.2×104 106 4.4×10−2
TIBET ASγ 4300 4.5×103 3.7×104 1.2×10−1
KASCADE 110 6×102 4×104 1.5×10−2
CASA-MIA 1450 2.5×103 2.3×105 1.1×10−2
LHAASO one-year integral sensitivity is better than the sensitivity of MAGIC or HESS in 50
hours. Above 10–20 TeV the LHAASO sensitivity becomes better than that of CTA-South. At
100 TeV, it is about 30 times better than CTA. Since an IACT can only spend up to ∼200 hours
per year observing a single source due to solar and lunar constraints, this means that even with
the maximum exposure, an IACT still wouldn’t be able to match LHAASO sensitivity above a
few tens TeV.
It is important to remark that the LHAASO sensitivity shown in the figure also represents
the sensitivity for the survey of a large fraction of the sky (56% of the celestial sphere for
observations with a maximum zenith angle of 40◦), while the sensitivity of Cherenkov telescopes
only concerns the observation in a region of a few degrees radius that often contains only one
source. Every day LHAASO (located at latitude 29◦ North) can survey the declination band
from -11◦ to +69◦ that includes the galactic plane in the longitude interval from +20◦ to +225◦.
HAWC has a sensitivity ∼4 times lower than that expected for LHAASO in the 1–10 TeV region,
but more than 100 times lower at 100 TeV. Concerning Cherenkov telescopes, their limited FoV
and duty cycle prevent a survey of large regions of the sky. To compare the effective sensitivities
in sky survey, one has to take into account the fact that a Cherenkov telescope must scan the
whole region under study with different pointings. The number of pointings determines the
maximum observation time that can be dedicated to any source. If we consider a survey of
the Galactic Plane in a galactic longitude interval of ∼200◦, a reasonable number of pointing
is ∼100. Assuming a total observation time of ∼1300 hours/year, a full year dedicated to the
survey allows an exposure of ∼13 hours for source. This time is reduced to less than 2 hours
for an all sky survey of ∼ pi sr of solid angle, that requires approximately ∼800 pointings. The
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Figure 27. Integral sensitivity of LHAASO as a function of the energy compared to HAWC,
HESS, MAGIC II and CTA-South sensitivities. The CTA-South sensitivity to sky survey [41, 42]
is also shown. Upper limits to ultra high-energy gamma-ray emission set by different experiments
in the Northern hemisphere are also reported [43, 44, 45, 46].
reduced observation time causes an increase of the minimum detectable flux, as shown in the
blue band of Fig.27, where the lower limit of the band refers to a Galactic plane survey and the
upper limit to an all sky survey of pi sr [41, 42].
Table 3. Performance comparison between LHAASO-KM2A and CASA-MIA experiments.
Experiment LHAASO-KM2A CASA-MIA
Angular resolution 0.3◦ (100 TeV) 2◦ (100 TeV)
0.2◦ (1 PeV) ∼0.5◦ (646 TeV)
µ detector sensitive area (m2) 42,000 2500
EAS array instrumented area (m2) 1.3×106 230,000
µ detector coverage 4.4×10−2 1.1×10−2
Background hadron ∼10−5 (≥100 TeV) 10−2 (178 TeV)
surviving efficiency 2×10−4 (646 TeV)
In Fig. 27 the upper limits set by different experiments to high energy gamma-ray emission
in the Northern hemisphere are reported [43, 44, 45, 46]. In five years of observations, the
CASA-MIA experiment sets the lowest upper limits to the flux from the Crab Nebula around
and above 100 TeV [46]. Beyond 1 PeV, the IceTop/IceCube experiments, located at the South
Pole, reports a minimum observable gamma ray flux ranging from ∼10−19 to 10−17 photons s−1
cm−2 TeV−1 (depending on the source declination) for sources on the galactic plane in 5 years
of measurements [47]. Table 3 compares the performance of the LHAASO-KM2A array with the
CASA-MIA experiment. At 100 TeV, the angular resolution of the LHAASO-KM2A array for
gamma rays is ∼7 times better than that of CASA-MIA, and the area is ∼4 times larger. The
efficiency in background rejection is about 2×103 times better in LHAASO, due to the larger
muon detector area. According to expression Fmin ∝ σQ×√A×T , the LHAASO sensitivity is ∼500
times better than that of CASA-MIA at 100 TeV. With this sensitivity, LHAASO can perform
measurements of the high energy tails of emission spectra for the majority of the known TeV
galactic sources visible from its location with unprecedented sensitivity.
LHAASO will enable studies in CR physics and gamma-ray astronomy that are unattainable
with the current suite of instruments:
1) LHAASO will perform an unbiased sky survey of the Northern sky with a detection threshold
better than 10% Crab units at sub-TeV/TeV and 100 TeV energies in one year. This unique
detector will be capable of continuously surveying the γ-ray sky for steady and transient
sources from a few hundred GeV to the PeV energy domain. From its location LHAASO
will observe at TeV energies and with high sensitivity about 30 of the sources catalogued
by Fermi-LAT at lower energy, monitoring the variability of 15 AGNs (mainly blazars) at
least.
2) The sub-TeV/TeV LHAASO sensitivity will allow to observe AGN flares that are
unobservable by other instruments, including the so-called TeV orphan flares.
3) LHAASO will study in detail the high energy tail of the spectra of most of the γ-ray sources
observed at TeV energies, opening for the first time the 100–1000 TeV range to the direct
observations of the high energy cosmic ray sources.
4) LHAASO will map the Galactic diffuse gamma-ray emission above few hundred GeV and
thereby measure the CR flux and spectrum throughout the Galaxy with high sensitivity.
The measurement of the space distribution of diffuse γ-rays will allow to trace the location
of the CR sources and the distribution of interstellar gas.
5) The high background rejection capability in the 10 – 100 TeV range will allow LHAASO to
measure the isotropic diffuse flux of ultrahigh energy γ radiation expected from a variety of
sources including Dark Matter and the interaction of 1020 eV CRs with the 2.7 K microwave
background radiation. In addition, LHAASO will be able to achieve a limit below the level
of the IceCube diffuse neutrino flux at 10 – 100 TeV, thus constraining the origin of the
IceCube astrophysical neutrinos.
6) LHAASO will allow the reconstruction of the energy spectra of different CR mass groups
in the 1012 – 1017 eV with unprecedented statistics and resolution, thus tracing the light
and heavy components through the knee of the all-particle spectrum.
7) LHAASO will allow the measurement, for the first time, of the CR anisotropy across the
knee separately for light and heavy primary masses.
8) The different observables (electronic, muonic and Cherenkov components) that will be
measured in LHAASO will allow a detailed investigation of the role of the hadronic
interaction models, therefore investigating if the EAS development is correctly described by
the current simulation codes.
9) LHAASO will look for signatures of WIMPs as candidate particles for DM with high
sensitivity for particles masses above 10 TeV. Moreover, axion-like particle searches are
planned, where conversion of gamma-rays to/from axion-like particles can create distinctive
features in the spectra of gamma-ray sources and/or increase transparency of the universe
by reducing the Extragalactic Background Light (EBL) absorption. Testing of Lorentz
invariance violation as well as the search for Primordial Black Holes and Q–balls will also
be part of the scientific programme of the experiment.
In the next decade CTA-North and LHAASO are expected to be the most sensitive
instruments to study Gamma-Ray Astronomy in the Northern hemisphere from about 20 GeV
up to PeV.
6.2. TAIGA-HiSCORE experiment
The new TAIGA-HiSCORE non-imaging Cherenkov array aims to detect air showers induced by
gamma rays above 30 TeV and to study cosmic rays above 100 TeV. TAIGA-HiSCORE is made
of integrating air Cherenkov detector stations with a wide FoV (∼0.6 sr), placed at a distance
of about 100 m to cover a final area of ∼5 km2.EPJ Web of Conferences 145, 01001 (2017) DOI: 10.1051/epjconf/201714501001
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Figure 7. The TAIGA-prototype-2017. Green squares – optical
stations of TAIGA-HiSCORE installed in 2014, blue squares -
optical stations to be installed in 2017. Yellow circle – position
of the first TAIGA-IACT. Small black circles - optical detectors
of Tunka-133.
of TAIGA-HiSCORE and one IACT) and the area of
the prototype (0.6 km2) are approximately 1/10 of the
full observatory. The expected integral sensitivity for
200 hours of observation (about 2 seasons of operation)
in the range 30–200 TeV is about 10−12 erg cm−2 sec−1.
The imaging atmospheric Cherenkov telescope is of
Davis-Cotton type with 34 mirrors, 60 cm diameter each,
the focal length is 4.75 m, the camera comprises 560 PMTs
of XP1911 type with 2 cm photocathode diameter. The
FOV of the camera is 10◦ × 10◦ [34].
The camera consists of identical clusters, each with
28 PMTs (Fig. 8, left figure). The basis of the cluster
electronics is a 64-channel ASIC MAROC-3. Each
channel includes a preamplifier with adjustable gain,
a charge sensitive amplifier and a comparator with
adjustable threshold. This chip has a multiplexed analog
output signal which is proportional to the input charge.
The chip is connected to a 12-bit external ADC. Signals
from each PMT go to 2 channels with gains different
by a factor 30. This results in a full dynamic range of
3000 photoelectrons.
In December 2016 the first TAIGA-IACT was put into
operation (Fig. 8, right figure).
Currently, the TAIGA-HiSCORE array is composed
of 28 optical stations distributed in a regular grid over
a surface area of 0.25 km2 with an inter-station spacing
of 106 m (Fig. 6) [37]. All stations are tilted into the
southern direction by 25◦ to increase the time for study
gamma-quanta fluxes from the first test object–the Crab
Nebula. Each optical station contains four large area PMTs
with 20 or 25 cm diameter, namely EMI ET9352KB, or
Hamamatsu R5912 and R7081. Each PMT has a Winston
cone (made of ten segments of ALANOD 4300UP foil
with reflectivity 80%) with 0.4 m diameter and a 30◦
viewing angle (field of view is ∼0.6 sr).
The anode signals of all 4 PMTs of the station are
summed up. It leads to additional lowering of the energy
threshold by a factor of 2. The minimal distance between
stations is 106 m. Each station is connected with the
Figure 8. Left figure: Cluster of 28 PMTs. Right figure: The first
TAIGA-IACT.
DAQ center by a fiber optic cable for data transfer
and synchronization. The synchronization stability of the
optical stations reaches about 0.2 ns. Precision calibration
is achieved by external light sources. Each station operates
independently from the others. The condition for the
formation of the local trigger signal is an excess in the sum
of anode signals over a threshold level. The threshold is
approximately 200 p.e, which corresponds to a Cherenkov
light flux of 0.3 photon cm−2 [38]. The counting rate of
a single station trigger is about 10-15 Hz. Signals from
anode and intermediate dynode are digitized with a step of
0.5 ns by a special board based on the DRS-4 chip. A more
detailed description of DAQ and synchronization systems
is given in [39].
The energy of primary particles is reconstructed by the
Cherenkov light flux, Q200, at a distance of 200 m from
the EAS core [16].
Reconstruction of shower parameters was performed
using algorithms developed for the Tunka-133 array [11,
16]. Arrival directions of showers are determined by
the relative delay of Cherenkov light at each station. In
a first step, the arrival direction is reconstructed with
a plane wave model of the front. This reconstructed
direction is used in the reconstruction of the EAS
core. The pulse amplitude is fitted by a parametrization
of the amplitude distance function (ADF) [16]. The
final EAS arrival direction is reconstructed for the
found core position assuming a curved front of the
shower.
The accuracy of the reconstruction procedure was
checked by MC simulation as well as with experimental
data. The latter are presented in [40,41] (chess-board
method).
We used two samples of events with zenith angles
28−39◦ corresponding to the Crab Nebula when it was
in the FOV of TAIGA-HISCORE, and for zenith angles
0−25◦. For both samples energies were distributed with
a power law energy spectrum with index γ = −2.7
for protons and helium primaries and index γ = −2.3
for gamma primaries and energy threshold 30 TeV. In
simulations the reconstruction method reproduced all the
steps of data processing. The accuracy of the arrival
direction reconstruction strongly depends on the number
of hit stations. The angular resolution is equal to 0.4−0.5◦
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Figure 28. The TAIGA-prototype-2017. Green squares: optical stations of TAIGA-HiSCORE
installed in 2014. Blue squares: optical stations to be installed in 2017. Yellow circle: position
of the first TAIGA-IACT. Small black circles: optical detectors of Tunka-133.
The TAIGA-HiSCORE array is part of the gamma-ray observatory TAIGA (Tunka Advanced
Instrument for cosmic ray physics and Gamma Astronomy). TAIGA is currently under
construction in the Tunka valley, about 50 km from Lake Baikal in Siberia, Russia [48].
The key advantage of the TAIGA will be the hybrid detection of EAS Cherenkov radiation
by the wide-angle detector stations of the TAIGA-HiSCORE array and by the Imaging Air
Cherenkov Telescopes of the TAIGA-IACT array. TAIGA comprises also the Tunka-133 array
and will furthermore host up a net of surface and underground tations for measuring the muon
component of air showers. The principle of the TAIGA-HiSCORE detector is the following: the
detector stations measure the light amplitudes and full time development of the air shower ligth
front up to distances of several hundred meters from the shower core.
Currently TAIGA-HiSCORE array is composed of more than 40 detector stations distributed
in a regular grid over a surface area of ∼0.5 km2 with an inter-station spacing of about 106 m
(prototype array, see Fig. 28). Each optical station contains four large area photomultipliers
with 20 or 25 cm diameter. Each PMT has a light collector Winston cone with 0.4 m diameter
and 30◦ viewing angle (FoV of ∼0.6 sr). Plexiglass is used on top to protect the PMTs against
dust and humidity. A total station light collection area is 0.5 m2 [42].
Before the winter season 2017–2018 the TAIGA configuration will include 60 wide angle
stations arranged over an area of 0.6 km2, and one single IACT. The expected integral sensitivity
for 200 hours of a source observation (about 2 seasons of operation) in the range 30–200 TeV is
about 10–12 erg cm2 sec−1 [49].
7. What’s Next ?
All the survey instruments mentioned in the previous sections are located in the Northern
hemisphere. The construction of a new wide FoV detector at sufficiently Southern latitude to
continuously monitor the Galactic Center and the Inner Galaxy should be a high priority [50, 51].
A new Southern Hemisphere wide FoV detector, to be fully complementary to CTA-South
and to carry out an integrated study of gamma and nuclei induced showers, needs
(i) an energy threshold of ∼100 GeV, to be a transient factory;
(ii) a sensitivity at few percent Crab flux level below the TeV, to have high exposure for flaring
activity;
(iii) an angular resolution of ∼1◦ at the threshold, to reduce source confusion in the Inner
Galaxy;
(iv) to survey the gamma sky at 100 TeV with a capability to discriminate the background at a
level of 10−5 to observe the knee in the energy spectrum of the gamma diffuse emission at
≈300 TeV, corresponding to the knee in the CR all-particle spectrum, in different regions
of the Galactic Plane;
(v) to be able to discriminate different primary masses in the knee energy range to measure
the proton knee and investigate the maximum energy of accelerated particles in CR sources
and to observe the CR anisotropy as a function of the particle rigidity.
Is this possible ?
As discussed in Section 4, the main parameters to push down the sensitivity to gamma-ray
sources are: (1) the energy threshold; (2) the angular resolution; (3) the gamma/hadron relative
trigger efficiency; (4) the effective area for photon detection; (5) the background rejection
capability.
Different groups are proposing different ideas for a new wide FoV in the South, ALTO,
ALPACA, LATTES and STACEX [52, 53, 54, 55].
ALTO is the name given by Linnaeus University to a project to build a wide-field gamma-ray
observatory at high-altitude in the southern hemisphere of the same technological ”family” of
HAWC [52, 56]. For ALTO, there are a number of points through which the current design of
HAWC can be improved as: the altitude of the observatory, the use of a layer of scintillator
below the water tank, the construction of smaller tanks, and the use of more precise electronics
and time-stamping. The construction of smaller tanks with respect to HAWC will allow to have
a finer-grained view of the shower particles on the ground which helps in the reconstruction of
the arrival direction of the incoming event and in the background rejection. The current design
of the ALTO water tank is hexagonal, so as to be close-packed. A layer of scintillator below
the water tank is very important in order to be able to ”tag” the passage of muons, which are
the almost unambiguous signature of the nature of the particle cascade, as background proton-
initiated showers are muon-rich. The implementation of this new muon-tagging” allows to reach
an increased signal over background discrimination by analysis, and thus allows an increase of
the sensitivity of the detection technique.
The ALPACA experiment is a new project aimed at the observation of cosmic rays and
gamma rays, launched between Bolivia and Japan in 2016 [53, 57]. They are planning to
construct an 83,000 m2 surface air-shower array and a 5,400 m2 underground muon detector
array, on a highland at the altitude of 4,740 m halfway up Mt. Chacaltaya on the outskirts
of La Paz, Bolivia. The muon detector array enables us to select muon-poor air showers (i.e.
air showers induced by primary gamma rays) and thus improve the gamma-ray sensitivity of
the air-shower array. The project is named ALPACA (Andes Large-area PArticle detector for
Cosmic-ray physics and Astronomy), after the animal that inhabits South America. The layout
of the array is similar to the Tibet ASγ experiment, in operation in Tibet with increasing areas
since 1990.
An interesting proposal is to built a hybrid detector to exploit the characteristics of two
detectors, RPCs and Water Cherenkov Detectors (WCD). The LATTES project will consist of
one layer of RPCs on top of WCD of small dimensions [55].
Figure 29. Basic LATTES detector station, with one WCD covered with RPCs and a thin slab
of lead [55]. The green lines show the tracks of the Cherenkov photons inside the water.
The basic element, shown in Fig. 29, is composed of one WCD, with a rectangular horizontal
surface of 3 m×1.5 m and a depth of 0.5 m, covered by two RPCs, each with a surface of
(1.5×1.5) m2, with a lead layer on top (5.6 mm) to exploit the secondary photons conversion.
The proposed RPCs are based on glass, different from the bakelite RPCs operated for more than
10 years at 4300 m asl by the ARGO-YBJ collaboration [34] and extensively used at LHC.
The proposed RPCs are designed to work at low gas flux, (1–4) cc/min, at harsh outdoor
environment, and demanding very low maintenance services. Their intrinsic time resolution was
measured to be better than 1 ns. The WCD read-out will be provided by two 15 cm PMTs at
both ends of the smallest vertical face of the tank. The read-out of the RPCs will be provided
by 16 charge collecting pads. This hybrid detector is expected to improve the trigger selection
at low energies and the rejection of the background of charged nuclei. The shower energy will
be reconstructed from the total signal, defined as the sum of the number of photoelectrons in all
WCD stations. The proposed experiment will consist of an array of 60×30 stations, covering an
effective area of about 10,000 m2 located at 5200 m asl. The different detectors will be separated
by a small distance (roughly 0.5 m) to allow access to PMTs and RPCs. An angular resolution
better than 2◦ is expected in the 100 GeV range. A 1-year sensitivity at level of 15% of the
Crab Nebula flux is expected in the 100 – 400 GeV energy range.
The key to lower the energy threshold is to locate the detector at extreme altitude (about
5000 m asl for a threshold in the 100 GeV range). But the energy threshold, as well as the
angular resolution, depends also on the coverage (the ratio between the detection area and the
instrumented one), on the granularity of the read-out, on the particular type of detector and on
the trigger logic.
The ARGO-YBJ experiment, combining the full coverage approach at high altitude with a
high granularity of the read-out (about 15,000 strips 7×62 cm2 wide), sampled 100 GeV γ-
induced showers with an efficiency of about 70% at 4300 m a.s.l. . The median energy of the
first multiplicity bin (20-40 fired pads) for photons with a Crab-like energy spectrum was 340
GeV [35]. The granularity of the read-out at cm level allowed to sample events with only 20 fired
pads, out of 15,000, with a background-free topological-based trigger logic. A water Cherenkov
based facility will hardly be able to lower the energy threshold below ∼500 GeV.
Therefore, a full coverage approach based on the RPC technology is one of the most interesting
solution for a new survey instrument in the South. A hybrid detector with RPCs coupled to a
HAWC/LHAASO - like water Cherenkov detector, will allow to lower the energy threshold at
100 GeV level, to measure the arrival direction with two independent techniques, to exploit the
HAWC/LHAASO approach to reject the background, and to study also CR physics with nuclei
induced events up to 10 PeV.
The ARGO-like RPCs should be an important element of a future experiment in the South,
possibly coupled to HAWC/LHAASO - like water Cherenkov detectors to exploit the added
values of two experimental approaches. This is the aim of the STACEX proposal.
Science case and experimental solutions for a survey instrument in the South are under
discussion in the framework of the Southern Gamma-ray Survey Observatory (SGSO) alliance
[50]. Preliminary calculations of the sensitivity of a water Cherenkov based array is shown in
Fig. 4.
Science case and experimental solutions for a survey instrument in the South are under
discussion in the framework of the Southern Gamma-ray Survey Observatory (SGSO) alliance.
Science case and preliminary calculations of the sensitivity of a water Cherenkov based array,
covering an area of 221,000 m2 with a fill-factor of 8% and located at 5000 m asl, are presented
in [50] (see Fig. 4).
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